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Abstract
Fiber-reinforced polymeric (FRP) composites are eminent engineering materials for struc-
tural applications due to their high strength-to-weight ratios. During their service life, FRP
composites are often exposed to severe conditions leading to fatigue-induced damage. This
damage mode is complex and difficult to detect and repair before eventual catastrophic
failure. Continuous fibers are typical reinforcements for FRP composites which provide ex-
cellent axial strength and stiffness in the fiber direction. Owing to this directionality, the
fatigue-induced damage first creates matrix cracks and fiber/matrix interfacial debonding
near the off-axis fibers and evolve into fiber failures and delaminations. Therefore, failure of
the FRP composite can be retarded by repairing microscale flaws at the initial stage.
Self-healing materials have been developed to autonomously detect and repair the dam-
age. One method of self-healing in a material is to incorporate microcapsules which sequester
healing agents. These healing agents are autonomously released and wick into the fracture
planes upon rupturing by a damage. Yet, little has been done on capsule-based self-healing
FRP composites due to the difficulties in the fabrication process. Existing composite man-
ufacturing processes cause microcapsules to agglomerate or often rupture because of the
presence of fiber-reinforcements. As a result, the capsule-based self-healing FRP compos-
ites inherently possess a low fiber volume fraction (Vf ) ca. < 40 vol% and agglomerated
microcapsules.
Another method for creating a self-healing material is to embed microvascular chan-
nels which can deliver healing agents from an external reservoir. These pervasive channels
can transport large amounts of healing agents to fracture planes with the aid of an ex-
ii
ternal pump, but segregated channels can suffer from blockage. Three-dimensional (3D),
inter-connected microvascular networks provide redundant networks improving the flow dis-
tribution and minimizing the effects of individual microchannel failure. However, fabricating
3D microvascular networks within a FRP composite is a major challenge for existing rapid
and large-scale manufacturing processes.
In this thesis, the manufacturing difficulties listed above will be addressed to effort-
lessly fabricate a high-performance self-healing FRP composite. Microcapsule-containing
unidirectional (UD) prepreg fabrics were developed to uniformly distribute the microcap-
sules at the fiber interstitial spaces. Self-healing FRP composites were fabricated from the
microcapsule-containing prepregs and the healing of fatigue-induced damage was demon-
strated. In addition, UD prepreg fabric containing sacrificial fibers were developed to create
3D microvascular networks within a FRP composite.
This study will drive the adoption of self-healing FRP composites into commercial in-
dustries that need high-performance materials with the enhanced reliability. Moreover, the
development of multi-functional FRP composites will be facilitated as it guides a solution
to uniformly distribute functional fillers without compromising their mechanical integrity.
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The market for fiber-reinforced polymer (FRP) composites has been rapidly growing due to
their superior specific strength and stiffness. FRP composites have been replacing metallic
parts allowing enhanced performance and fuel efficiency. During the past decades, manu-
facturing of FRP composites and their mechanical behavior have been intensively studied
to produce quality, cost-effective FRP composites. Yet, the use of FRP composites is still
limited because their failure is often triggered by matrix cracks or fiber-matrix interfacial
debonding, which are difficult to detect and repair [11–13]. Microscale flaws within FRP
composites are often induced from fatigue loading, which is inevitable throughout the entire
service period. Therefore, to detect and repair microscale flaws at the early stage is a major
issue which needs to be addressed to increase a structural reliability.
Self-healing polymer matrix composites (PMC) have been developed to detect and repair
damage in an autonomous fashion whenever and wherever it occurs [1, 14–18]. To date, there
are two typical mechanisms for self-healing structural PMC: (1) incorporating healing agent-
containing microcapsules and (2) incorporating microvasculars through which healing agents
are delivered (Figure 1.1).
Microcapsule-based healing is appropriate for microscale damage since the healing agents
are autonomously released from the microcapsules near the fracture planes. Healing of
larger damage volumes requires microvascular channels that deliver large amounts of healing
agents from an external reservoir to the damage. These self-healing mechanisms have been
introduced to FRP composites to enhance the structural reliability.
However, seamless integration of microcapsules or microvascular channels into FRP com-
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Figure 1.1: Mechanisms for self-healing materials; (a) microcapsule-based system and (b)
microvascular system [1].
posites is a critical engineering challenge due to the presence of fiber reinforcements. The
architecture of reinforcing fibers must remain undisturbed and the fabrication process must
be compatible with existing composite manufacturing process. Thus, a major advance in
the manufacturing of self-healing FRP composites is needed.
1.1 Fatigue-induced damage in FRP composites
Fatigue loading creates damage to a material even though the applied stress/strain is well
below the ultimate failure limit [19]. Therefore, a material under fatigue loading ultimately
fail at lower applied stress/strain values compare to quasi-static tensile loading [20–26].
In FRP composites, the fatigue-induced damage initiates from matrix cracks and fiber-
matrix interfaces, and grows into large-scale damage mechanisms such as fiber failure or
delamination [2, 27, 28]. These damage mechanisms gradually reduce the stiffness and
strength of FRP composites and lead to the ultimate failure of the composite component.
Cross-ply laminating scheme consists of unidirectional plies in the 0◦ and 90◦ directions,
resulting in damage accumulation within transverse plies [9, 29]. Hahn et al.[2] demonstrated
a gradual degradation of the 90◦ plies in a cross-ply composite during tension-tension fatigue
loading in the 0◦ uniaxial direction. The degradation of 90◦ plies was caused by transverse
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cracking and the damage level from the transverse cracks was tracked by measuring the secant
modulus of the composite [9]. The secant modulus of a cross-ply composite monotonically
decreased with an increasing number of fatigue cycles and plateaued as the transverse crack
density saturates (Figure 1.2). The composite failed when its secant modulus dropped below
a specified value.
Figure 1.2: Degradation of secant modulus of cross-ply specimens with respect to fatigue
cycles (taken from [2]).
Yang et al. [30] predicted fatigue failure by measuring the residual strength of a FRP
composite after a certain number of fatigue cycles. Fatigue-induced cracks caused the resid-
ual strength of a FRP composite to decrease monotonically with an increasing number of
fatigue cycles. The FRP composite was predicted to fail when its residual strength reached
the maximum applied stress of a fatigue loading.
1.2 Microcapsule-based self-healing materials
Embedded microcapsules containing a healing agent in a material has been one of the most
common methods to create a self-healing material. These types of microcapsules secure heal-
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ing agents and release them into fracture planes upon being triggered by damage. White et
al. [3] first developed a microcapsule-based self-healing material by embedding an encap-
sulated dicyclopentadiene (DCPD) monomer and Grubbs catalyst (1st generation) into the
bulk epoxy matrix. Fracture testing showed up to 80 % recovery of the fracture toughness
(Figure 1.3).
Figure 1.3: Schematic of a microcapsule-based healing system with DCPD and Grubb’s
catalyst [3].
Caruso et al. [31] proposed a new healing chemistry using the residual functionality of a
partially cured polymer matrix and ethyl phenylacetate (EPA) solvent-filled microcapsules.
Jones et al. [32] adapted this solvent healing chemistry for use in a high-performance, high
glass transition temperature (Tg) thermoplastic-toughened epoxy matrix. Healing showed
up to 56 % of fracture toughness. Healing of fiber/matrix interfaces was reported using the
solvent microcapsule-based self-healing matrices. Blaiszik et al. [33] coated a single E-glass
fiber with the Grubbs catalyst (1st generation) and DCPD-containing microcapsules. The
fiber was embedded into an epoxy matrix to recover the interfacial shear strength. Similar
results were achieved by Jones et al. [4, 34] using EPA-containing microcapsules and an
undercured-state epoxy matrix (Figure 1.4).
These success of healing in bulk polymer matrices and fiber/matrix interfaces moti-
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Figure 1.4: Microcapsule-sized glass fibers with a different capsule coverages (ξ) [4].
vated the development of self-healing FRP composites to enhance their structural reliability.
Kessler et al. [35] demonstrated a self-healing in a FRP composite by impregnating woven
carbon fabrics with an epoxy matrix containing DCPD microcapsules and Grubbs catalyst
(1st generation). A wide variety of healing chemistries and damage modes were investigated
for self-healing FRP composites [1, 5, 14–18, 36, 37]. However, existing composite manufac-
turing processes often lead to agglomerated microcapsules within the FRP composites due
to the presence of fiber reinforcements, resulting in a low fiber volume fraction and degraded
structural reliability (Figure 1.5).
Figure 1.5: Microcrack in a resin-rich are of self-healing FRP composite with woven fabrics.
[5].
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Warrier et al.[6] revised a prepregging process by sizing the reinforcing-fibers with carbon
nanotubes (CNT) and created uniform CNT distribution within a FRP composite. In the
study, CNT is coated on the glass fiber tows by dipping the fiber into a CNT-containing sol-
vent and evaporating the solvent (Figure 1.6). This fabrication approach showed a potential
fabrication method to a self-healing FRP prepreg and composite with uniformly distributed
microcapsules.
Figure 1.6: SEM imaging of the fracture surface of CNT-sized glass fibers [6].
1.3 Microvascular materials
Vascular networks in biological systems provide redundant networks that consist of inter-
connected, multi-scale channels and facilitate blood circulation. Pervasive vasculars have
been incorporated into polymer matrices by embedding two-dimensional (2D) microvascular
arrays. The 2D array add multi-functionality to the material such as self-healing [38–41],
heat exchange [42–44], and cell culture [45, 46]. These planar microfluidic arrays in a bulk
polymer matrix were then developed to be interconnected and form 3D microvascular net-
works. The 3D arrays increase performance while minimizing the planar footprint of the
microvascular channels (Figure 1.7). Sacrificial molding has been one of the methods to cre-
ate the 3D microvascular networks. This approach casts a 3D lattice into a polymer matrix
and then removes the lattice to produce high-fidelity, inverse replicas [7, 47, 48].
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Figure 1.7: Fugitive ink printing for a 3D sacrificial lattice [7].
Microvascular channels have been introduced to FRP composites to fabricate multi-
functional composites. However, creating microvascular channels within a FRP composite
is a challenging issue due to the presence of fiber-reinforcements. Embedded microvascular
channels should not disturb the architecture of the reinforcing fibers and their fabrication
approach must be compatible with existing composite manufacturing processes [49]. Placing
sacrificial solid fibers into fiber fabrics prior to resin impregnation has been a common fabri-
cation method. A monofilament [50], solder wire [51], and thermoplastic fiber [8] are widely
used as the sacrificial components and removed afterward from a fully-cured composite.
Esser-Kahn et al. [8] developed a sacrificial fiber using polylactic acid (PLA) and manu-
ally stitching it into reinforcing fabrics before resin infusion. After curing the composite, the
PLA sacrificial fiber decomposes at temperatures > 180 ◦C creating inverse replica channels
(Figure 1.8). Using this fabrication approach, Coppola et al. [52] demonstrated the retention
of mechanical performance of FRP composite above Tg by pumping a coolant through the
microvascular channels. Patrick et al. [53] then achieved repeatable healing of interlami-
nar strength by pumping two-part healing agents through the microvascular channels. Yet,
these microvascular channels within FRP composites are still segregated channels because
creating interconnected, 3D microvascular networks within the composites is elusive due to
rapid, large-scale conventional composite manufacturing processes.
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Figure 1.8: Fabrication of microvascular FRP composites using sacrificial fibers [8].
1.4 Overview of Research
This thesis focuses on the development of a novel manufacturing process for high-performance
self-healing FRP composites. It is a major advancement for self-healing FRP composites
which have never been achieved (Table 1.1).
Table 1.1: Characteristics of existing self-healing FRP composites.
The research objectives can be divided into four primary areas as: (1) Develop a unidi-
rectional prepreg fabrics with uniformly distributed microcapsules; (2) Obtain high thermo-
mechanical properties of laminated composites from these prepregs; (3) Assess self-healing
of fatigue-induced damage within the self-healing composites; (4) Develop interconnected,
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3D microvascular networks in FRP composites from prepreg fabrics.
In Chapter 2, the fabrication of a unidirectional glass fiber prepreg is demonstrated in
which a room temperature (RT) curing epoxy resin and solvent-containing microcapsules
are contained. A laboratory prepregger was developed to fabricate a unidirectional prepreg
and the prepreg fabricating conditions were investigated. This fabricating approach includes
a sonication-aided fiber sizing which creates a uniform distribution of microcapsules at the
fiber interstitial spaces. Laminated composites are fabricated from this prepreg, and thermo-
mechanical properties of the laminated composites are measured to examine the effect of
microcapsules. This initial study introduces a prepreg approach to fabricate FRP composites
which contain uniformly distributed microcapsules.
Chapter 3 focuses on the healing of the self-healing composites that were fabricated in
Chapter 2. Cross-ply composites are prepared and subjected to a tension-tension fatigue
loading to create transverse cracks within the 90◦ plies. During the fatigue loading, the
drop of secant modulus (Es) is tracked to measure the growth of the transverse cracks.
To examine the healing of these transverse cracks, the recovery of Young’s modulus (E ) is
examined from a quasi-static tensile loading.
In Chapter 4, we demonstrate the fabrication of a unidirectional carbon fiber prepreg
consisting of a thermoplastic-toughened epoxy resin and solvent-containing microcapsules.
The previous fabrication approach in Chapter 2 using glass fibers and RT curing epoxy,
yielded a uniform distribution of microcapsules, but these composites had yet to possess
high thermo-mechanical properties. Here, a thermoplastic-toughened epoxy resin is used
to provide a high thermal property (Tg > 150
◦C) and carbon fiber is used to obtain high
mechanical properties (Vf > 0.6). A benchtop prepregger containing a self-inking fiber sizing
system is developed to aid in the prepreg fabrication and a uniform microcapsule distribution.
The fabricating parameters of the benchtop prepregger will be evaluated.
Chapter 5 introduces the extension of fatigue life in the self-healing composites that were
fabricated in Chapter 4. While the previous testing methods successfully assess the healing
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of transverse cracks in cross-ply composites, the extension of fatigue life due to the healing is
yet to be investigated. Therefore, a tension-tension fatigue loading is applied to a cross-ply
composite up to the failure (Nf ) and the effect of giving a rest period for healing in the
middle of the test (N̄ f ) is evaluated. The residual strength (R(N)) after N fatigue cycles is
measured for the specimens with and without a resting period.
In Chapter 6, an efficient manufacturing method is developed to create interconnected,
3D microvascular networks within FRP composites. A unidirectional carbon fiber prepreg
is fabricated by aligning carbon fiber tows and PLA sacrificial fibers in the prepreg for
a seamless integration. Laminated composites are manufactured from this prepreg and
consolidating parameters are examined to create interconnected sacrificial fibers. Owing to
the interconnection, 3D microvascular networks are fabricated within the FRP composite
after a thermal treatment process - Vaporization of Sacrificial Components (VaSC).




Manufacturing of Room Temperature
Cure Self-healing Glass Prepregs
Unidirectional glass/epoxy prepreg with a microencapsulated healing agent was developed
for the fabrication of self-healing fiber-reinforced polymer matrix composites (PMCs). Mi-
crocapsules containing a healing agent were distributed throughout a prepreg fabric using
a customized prepregger. The microcapsules of ca. 2.5 µm in diameter resided in the fiber
interstitial spaces and remained intact during prepregging and subsequent hot-pressing of
laminated composites. The prepreg fabric attained uniform distribution of microcapsules
on the interior and exterior region of fiber yarns, which translated into the processed lami-
nated composites. Self-healing laminated composites achieved 0.56 of a fiber volume fraction
when containing 0.063 of a microcapsule volume fraction. The microcapsules within the self-
healing composites influenced the storage modulus and glass transition temperature.
2.1 Introduction
Fiber-reinforced polymer matrix composites (PMCs) have been widely used for structural
applications because of their superior specific stiffness and strength. The failure of PMCs is
often triggered by matrix cracks or fiber-matrix interfacial debonding initiated by overload-
ing, impact, or fatigue [12, 13, 54]. Whatever the cause, this type of microscale damage is
difficult to detect and repair is often impossible [55–57]. Self-healing composites have been
introduced to detect and repair damage in an autonomic fashion whenever and wherever it
occurs.
The first microcapsule-based self-healing polymer was composed of microencapsulated di-
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cyclopentadiene (DCPD) monomer and microparticles of a transition metal catalyst (Grubbs
first generation) dispersed in an epoxy matrix [3]. Upon fracture of the epoxy resin, the
healing agent was released from ruptured microcapsules, wicked into the fracture plane and
polymerized upon contact with the embedded catalyst. Microcapsule-based self-healing sys-
tems have since been extensively studied with a variety of healing chemistries and schemes
[1, 14–18]. Microcapsule-based self-healing in fiber-reinforced PMCs has also been pursued
in woven glass and graphite systems [5, 35–37, 58, 59]. Microcapsules (ca. 10-166 µm)
are incorporated into the interstitial regions between woven rovings in the fabric. Woven
laminated self-healing PMCs have successfully recovered mechanical properties after inter-
laminar fracture [35, 37] and impact damage [5, 36, 58, 59]. However, woven self-healing
laminates show increased fiber waviness, microcapsule segregation into interstitial regions
[60], and low fiber volume fraction (0.27-0.41) which severely limits their utility in structural
applications that require high specific stiffness and strength. In one recent study, self-healing
using unidirectional fabrics was attempted, but the incorporation of relatively large capsules
(ca. > 65 µm) by spray drying on the fabric surface ultimately led to segregation of the
capsules in resin interlayer regions [61].
The seamless integration of microcapsules into existing manufacturing processes for fiber-
reinforced PMCs is a critical engineering challenge and crucial to the advancement of self-
healing fiber-reinforced PMCs in general. In recent studies, the fabrication of small mi-
crocapsules which can potentially reside within a fiber strand has been achieved [62–65].
Capsules (ca. < 3 µm) functionalized on a glass fiber surface, enabled healing of a debonded
fiber-matrix interface in a single fiber glass/epoxy microbond specimen [4]. Transitioning
these promising results to full-scale unidirectional glass/epoxy PMCs requires advancements
in processing techniques used to date [5, 35, 36, 58–61, 66]. The manufacturing objectives
include well-distributed capsules throughout the composite without segregation and intact
capsules that survive curing and compaction processes.
In this study, a prepregging process was developed to manufacture glass/epoxy prepreg
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with ca. 2.5 µm microcapsules. A self-healing laminated composite was fabricated from the




EPON 862 (diglycidyl ether of bisphenol F) resin and EPIKURE 3274 (aliphatic amine)
hardener were purchased from Miller-Stephenson (Morton Grove, IL). Ethyl phenylacetate
(EPA), urea, formalin, resorcinol, nile red dye, and ammonium chloride were purchased
from Sigma-Aldrich (St Louis, MO). Ethylene-maleic anhydride (EMA) copolymer (ZeMac-
E400) was received from Zeeland Chemicals (Zeeland, MI). Polyurethane (PU) prepolymer
(Desmodur L75) was donated from Covestro (Pittsburg, PA) and fluorescent dye (DFSB-
K43) was received from Risk Reactor (Santa Ana, CA). E-glass fiber yarn bobbins (ECG150)
were purchased from PPG Fiber Glass (Cheswick, PA). A single yarn consists of 200 fila-
ments, ca. 9 µm in diameter with 12 twists/m.
2.2.2 Preparation of Microcapsules
Microcapsules with a double shell wall (polyurethane/urea-formaldehyde, PU/UF) were pre-
pared with EPA, EPON 862, and nile red dye as the core materials. The microcapsules were
fabricated by combining interfacial polymerization of PU prepolymer with an in situ poly-
merization of urea-formaldehyde following the procedure summarized in Figure 2.1 which is
a slight modification of the technique in [67]. After completion of the encapsulating reac-
tion, the resulting solution was centrifuged three times to remove EMA surfactant and the
resulting capsules were lyophilized for 48 h to evaporate any residual EPA.
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Figure 2.1: Microcapsule fabrication procedure.
2.2.3 Laboratory Prepregger Design
A lab-scale prepregger was designed and built to manufacture unidirectional glass/epoxy
prepreg. During prepregging, glass yarns are sized with microcapsules, dried, impregnated
with resin, and wound onto a take-up drum (Figure 2.2). Eight glass bobbins are housed
in a fiber creel assembly (A). Punched screen panels (B) are used to maintain a consistent
yarn pathway into the prepregger. A sizing bath (C) consists of a freely rotating nylon drum
placed inside an acrylic bath that is itself placed within an ultrasonicator (2800DA, Creast).
A fiber drying line (D) was built using a set of six freely rotating nylon rollers over which the
yarns travel for approximately 10 m. The drying set-up is covered with acrylic sheets (t =
2 mm) to contain heat from two air heaters (CZ-312, Duracraft) and two forced fan heaters
(HB211T, Pelonis). A resin impregnator (E) consists of a doctor-blade metering the resin on
a drum housed in an aluminum resin bath. A bow roller (F) gathers the resin-impregnated
yarns into a single ribbon which is then wound onto a take-up drum (G) of 0.6 m (W) ×
0.78 m (φ). Rotation of the drum (1-14 rpm) is directly controlled by a DC motor (3863,
Bodine Electric) and translation of the drum (0.8-11.2 mm/min) is accomplished by a ball
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screw (BNT2806, THK) with two linear motion guides (HSR25A, THK) and a speed reducer
(50983, Boston gear) connecting to another DC motor. Fiber tension is controlled by the
friction of nylon rollers through which the yarns travel. The tension of the combined ribbon
(Tribbon) is measured between the bow roller and the take-up drum using a modified belt
tension meter (Power Drive). The overall dimensions of the prepregger are 3 m (L) × 1.5 m
(W) × 2 m (H).
Figure 2.2: Schematic illustration of the lab-scale prepregger. The key components are coded
as follows: (A) glass fiber bobbins; (B) punched screen panels; (C) sizing bath; (D) fiber
drying liner; (E) resin impregnator; (F) bow roller; and (G) take-up drum.
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2.2.4 Prepreg and Composite Fabrication Procedure
A sizing agent was prepared by mixing the lyophilized microcapsules with deionized water
at various concentrations (2.3-9.5 vol %) prior to prepreg fabrication. Eight glass yarns were
simultaneously fed from each bobbin through a guide into an acrylic bath containing the
sizing agent. A nylon drum placed above the bath was used to submerge the glass yarns into
the sizing bath. Approximately 75 ml of sizing agent was placed in the bath at the beginning
of the fabrication and an additional 15 ml was added every 5 minutes. An ultrasonicator was
turned on to distribute the microcapsules throughout the glass yarns. Sized yarns exited the
sizing bath and continued into the fiber dryer line which was maintained at 48 ◦C. The fiber
translational speed of the prepregger was set to 170 mm/sec by adjusting the take-up drum
rotation (4.2 rpm). Under these conditions, the yarns were sufficiently dried within the ∼
58 sec residence time on the drying line. Once dried, the glass yarns proceeded to the resin
impregnator where a resin bath contained 380 g of a mixture (100:48) of EPON 862 and
EPIKURE 3274 together with a fluorescent dye DFSB-K43 (0.2 wt%). The metering gap
between a doctor blade and a drum was varied between 0.16-2.5 mm to control the thickness
of the resin film on the impregnator drum. A bow roller gathered eight resin-impregnated
yarns as one ribbon. The take-up drum translated with the speed of 6.7 mm/min in order
to closely pack the ribbons side-by-side and fabrication was stopped when the prepreg fabric
reached a width of 200 mm. The prepreg fabric was allowed to reach a B-stage cure (degree
of cure, α < 0.15) on the take-up drum at room temperature for 50 min before being removed
for storage or incorporation directly into a layup for hot-pressing.
Laminated composites were fabricated from the prepreg fabric by vacuum-assisted hot-
pressing. Prepreg fabric was cut into rectangular sheets (0.2 m × 0.2 m) and laid up in
a unidirectional stacking sequence of [90]10. The laminate stack was placed between open
aluminum plate molds covered with release fabric (582, Fibre Glast) and 6 plies of bleeder
cloth (579, Fibre Glast) and sealed with a vacuum bag. The vacuum was applied to the
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laminate while it was hot pressed for 6 hours at 50 ◦C with a compaction pressure of 0.2
MPa. The laminate was subsequently post-cured in a convection oven for 6 hours at 50 ◦C.
A diamond saw was used to trim the fully-cured laminate to dimensions of 40 mm (L) × 4
mm (W) with fiber orientation perpendicular to the length direction.
2.2.5 Characterization Methods
An environmental scanning electron microscope (Phillips XL30 ESEM, FEI) was used to
image microcapsules and the fracture surface of laminated composites. The size distribution
of microcapsules was measured from ESEM images using image processing software Image
J (version 1.48) by directly counting microcapsules, as outlined in [4]. Thermogravimetric
analysis (TGA1, Mettler Toledo) was used to characterize thermal stability of the microcap-
sules and the concentration of microcapsules in the sizing agent. In either case, lyophilized
microcapsules or an aliquot of the sizing agent was heated from 25 to 600 ◦C at 10 ◦C /min
in a N2 atmosphere.
A confocal fluorescent microscope (TCS SP2, Leica) was used to image microcapsules
within both the prepreg and laminated composite specimens. Under the excitation laser of
488 nm wavelength, the emission spectrum of 637-678 nm was collected for microcapsules and
that of 494-539 nm was collected for the matrix resin. Eighty focal planes inside a specimen
were imaged every 0.51 µm in depth beginning 5 µm below the surface. An objective lens
of 63× gave a field of view (FOV) of 238 µm × 238 µm recorded with a resolution of 2048
× 2048 pixels. The imaging software Amira 5.0 reconstructed the planar images of the
specimen from 5 to 45 µm in depth into a three-dimensional structure which was used to
calculate the microcapsule concentration (Vc) and mean capsule distance from a yarn (ryarn)
defined as the radial distance between the center of a yarn and the nearest neighboring
microcapsule.
The fiber volume fraction (Vf ) of the prepreg fabric and laminated composites were
measured by burning off the resin and microcapsules in a furnace at 550 ◦C for 8 hours
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and measuring residual weight, following the standard ASTM D 3171. This technique was
also used to measure the microcapsule concentration Vc of sized yarns, and the results were
compared to the confocal image analysis. Dynamic mechanical analysis (DMA, RSA-III, TA
Instruments) was used to characterize the thermal and mechanical properties of laminated
composites. A three-point bending setup was used with the span length of 25 mm, and
the maximum strain was limited to 0.03 % with a frequency of 1 Hz while a temperature
sweep was performed from 25 to 70 ◦C at 5 ◦C /min. A transverse storage modulus (E′T )
and a transverse loss modulus (E′′T ) were recorded and the glass transition temperature (Tg)
was identified from the peak in the tan (E′T/E
′′
T ) curve. The storage modulus E
′
T and loss
modulus E′′T of a laminated composite were normalized by fiber volume fraction, as E
′
T/Vf
and E′′T/Vf , in order to isolate the effect of incorporated microcapsules alone.
2.3 Results and Discussion
2.3.1 Microcapsule Characterization
ESEM imaging of microcapsules revealed a spherical shape with a smooth shell wall (Figure
2.3a). The size distribution spanned in the range 0.5-7.5 µm with an average diameter of
2.48 µm (Figure 2.3b). TGA experiments confirmed that the microcapsules were stable until
ca. 200 ◦C and then precipitously lost mass (> 80 wt%) near the boiling point of the EPA
core material 229 ◦C (Figure 2.3c). The residual mass above 260 ◦C was composed of shell
wall materials and a small amount of epoxy resin that remained from the core material. In
contrast, the sizing agent showed significant mass loss prior to 100 ◦C as water evaporated.
The mass remaining after 100 ◦C was equal to the mass of microcapsules in the sizing agent
solution.
The residual mass above 260 ◦C was composed of shell wall materials and a small amount
of epoxy resin that remained from the core material. In contrast, the sizing agent showed
significant mass loss prior to 100 ◦C as water evaporated. The mass remaining after 100 ◦C
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Figure 2.3: Characterization of microcapsules used in self-healing prepreg. (a) ESEM image
of PU/UF microcapsules containing EPA solvent with 3 wt% EPON 862 epoxy and 0.03 wt%
nile red dye. (b) Size histogram of microcapsules (N = 618) obtained by image analysis.
The average diameter of microcapsules is 2.48 ± 1.03 µm. (c) TGA traces for microcapsules
and sizing agent solution. The sizing agent contained 5 wt% capsules in DI water.
was equal to the mass of microcapsules in the sizing agent solution.
2.3.2 Prepreg Characterization
Dispersion of Microcapsules
The dispersion of microcapsules within the prepreg was analyzed by confocal fluorescent
imaging of a single yarn as shown in Figure 2.4.
The distinct fluorescent signature of microcapsules, resin, and glass fibers allowed easy
characterization of each constituent of the prepreg. If sonication was not used during the
sizing operation, microcapsules were segregated on the exterior surface of the fiber yarn
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Figure 2.4: Confocal fluorescent imaging of a yarn (two hundred filaments) within a prepreg
fabric (Vf = 0.35) when the sizing agent contains ca. 4.7 vol% of capsules. (a) Image of a
single yarn produced without sonication during sizing. Vc = 0.016 and ryarn = 85 µm. (b)
Image of single yarn produced while sonicating the sizing bath. Vc = 0.059 and ryarn = 19
µm. Note: Scale bars = 50 µm
(Figure 2.4a). In stark contrast, microcapsules were well-distributed throughout the yarn
when the sizing bath was sonicated (Figure 2.4b) by providing sufficient mobility to the
capsules to penetrate the fiber strand. The mean capsule distance (ryarn) was reduced
from 85 to 19 µm after sonication because the microcapsules penetrated into the interior
region of the yarn. These capsules in the interior region of yarn increased the microcapsule
concentration (Vc) of the prepreg from 0.016 to 0.059 for a prepreg with Vf = 0.35.
Microcapsule Concentration
The overall concentration of capsules in the prepreg was controlled by the concentration of
capsules within the sizing agent and the fiber translational speed (Figure 2.5).
The prepreg microcapsule concentration (Vc) increased proportionally with the concen-
tration of capsules in the sizing agent when the fiber translational speed was held constant
at 170 mm/sec (Figure 2.5a). The absence of sonication had a large effect on microcapsule
concentration, with Vc decreasing from 0.041 to 0.015 when the sizing agent consisted of
4.7 vol% capsules. Data were compared between confocal image analysis and furnace burn
off methods and agreed within experimental error. Increasing the fiber translational speed
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Figure 2.5: Effect of processing parameters on prepreg microcapsule concentration. (a)
Microcapsule concentration of the prepreg as a function of the capsule concentration of the
sizing agent. Fiber translational speed is 170 mm/sec. The data were obtained from sized
yarns (©) by the furnace burn off method and from impregnated yarns () by confocal
fluorescent imaging. (b) Microcapsule concentration of the prepreg as a function of the
fiber translational speed. The capsule concentration of the sizing agent is 4.7 vol% and
was sonicated for all cases. Each data point represents the mean of 3 samples. Error bars
represent one standard deviation of the data.
reduced the microcapsule concentration of the prepreg when the capsule concentration of
the sizing agent was held constant at 4.7 vol% (Figure 2.5b). As the rotational speed of the
take-up drum was reduced, the fiber translational speed decreased and the yarns remained
in the sizing bath for a longer time period, increasing the overall microcapsule concentration
in the prepreg.
Microcapsule damage was identified by confocal fluorescent microscopy for prepreg fab-
ricated with high fiber tension. Figure 2.6 shows fluorescent images of both intact and
damaged microcapsules within a prepreg which were processed with a different fiber tension.
The microcapsules appeared spherical and filled when the fiber tension was 4.5 N (Figure
2.6a). However, when the fiber tension was increased to 9 N most of the microcapsules
collapsed or ruptured, releasing core content into the surrounding matrix (Figure 2.6b).
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Figure 2.6: Effect of fiber tension on prepreg microcapsule integrity. (a) Confocal fluorescent
image of prepreg showing intact, filled microcapsules (red) when Tribbon = 4.5 N during
prepregging. (b) Microcapsules with the collapsed shell wall and released core material are
revealed by confocal fluorescent imaging for prepreg fabricated with Tribbon = 9 N
Resin Impregnation
The amount resin in the prepreg was controlled by metering the resin with the doctor blade on
the impregnation drum. The fiber volume fraction of the prepreg decreased with increasing
metering gap up to about 1.5 mm where the Vf plateaued at 0.21 as the yarns became
saturated with resin (Figure 2.7). A significant level of microcapsule damage occurred when
the metering gap was reduced to 0.16 mm. In this case, the resin film failed to coat the
entire yarn and protect the microcapsules from excessive shear or compression forces as the
yarns were drawn and collected onto the take-up drum. The fiber volume fraction Vf and
microcapsule concentration Vc across the entire width of a 200 mm wide prepreg fabric is
shown in Figure 2.8. Both the fiber volume fraction Vf and the microcapsule concentration
Vc were quite uniform, yielding an average of 0.35 ± 0.02 and 0.040 ± 0.003, respectively,
when a 4.7 vol% sizing agent and 0.5 mm metering gap were used.
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Figure 2.7: Effect of metering gap on fiber volume fraction of prepreg. Each data point
represents the mean of 3 samples. Error bars represent one standard deviation of the data.
Prepregs fabricated at the smallest metering gap (0.16 mm) showed significant microcapsule
damage.
2.3.3 Composite Characterization
A self-healing unidirectional [0]10 laminated composite was manufactured from prepreg fabric
(Vf = 0.35, Vc = 0.040) as shown in Figure 2.9. Optical imaging of the cross section shows a
uniform distribution of fibers with a relatively high fiber volume fraction (Vf = 0.56) (Figure
2.10a). Confocal fluorescent imaging revealed that the microcapsules were well distributed
within the interstitial spaces between individual fibers within the original fiber yarns (Figure
2.10b). Their spherical shape and filled cross-section confirmed that the microcapsules sur-
vived the hot-pressing process with a compaction pressure of 0.2 MPa. Specimens that were
fractured along the fiber direction reveal further evidence of microcapsule nesting within
fiber bundles under ESEM (Figure 2.10c).
A full three-dimensional reconstruction of the confocal fluorescent imaging presents a
depth profile (40 µm) as shown in Figure 2.11. Microcapsules appear well dispersed both
within the cross-section, as well as along the fiber direction. The total microcapsule con-
centration of the laminated composite was measured as 0.062, a significant increase from
that of the prepreg fabric alone (Vc = 0.040). This result indicates that microcapsules are
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Figure 2.8: Fiber volume fraction Vf and microcapsule concentration Vc as a function of the
position across the width (y) of a 200 mm wide prepreg fabric. The prepreg was fabricated
using a sizing agent of 4.7 vol% capsule concentration. The fiber translational speed was
170 mm/sec. The metering gap was 0.5 mm.
preferentially held within the fabric during hot pressing and do not bleed out with the excess
resin.
The thermomechanical properties of laminated composites both with and without em-
bedded microcapsules are presented in Figure 2.12. The neat composite was fabricated from
prepreg fabric produced identically to the self-healing prepreg fabric except no microcapsule
sizing agent was applied to the fiber yarns. A small difference in fiber volume fraction was
measured (0.59 vs 0.56), which was attributed to reduced viscosity of the neat resin system
and higher compressibility of the neat fabrics [68]. The comparison of the glass transition
temperatures Tg of the composites showed a reduction from 52.8 to 48.5
◦C with the incor-
poration of microcapsules. This drop in Tg may be due to residual solvent (EPA) from the
original encapsulation process causing plasticization of the matrix resin. The normalized
transverse storage modulus E′T/Vf was reduced from 15.9 to 11.2 GPa for the self-healing
composite. This reduction was expected since the embedded microcapsules reduce the mod-
ulus of matrix resin [69]. We estimated a decrease in matrix modulus from 3.17 to 2.18
GPa with the incorporation of 0.14 volume fraction of microcapsules [70]. The correspond-
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Figure 2.9: Self-healing unidirectional [0]10 laminated composite . (a) Schematic of the layup
of self-healing prepreg fabrics. (b) Picture of a full unidirectional composite plate. Color of
the plate originates from the microcapsules containing 0.03 wt% nile red dye.
ing transverse modulus (E′T ) of a unidirectional laminated composite was predicted using a
self-consistent model [71] and the calculated values of E′T/Vf are 16.1 GPa for the neat com-
posite and 11.69 GPa for the self-healing composite, which agree well with the experimental
measurements. Conversely, the predicted drop of E′L/Vf due to the presence of embedded
microcapsules is only 0.6 % (77.2 GPa vs 76.7 GPa).
2.4 Summary
Unidirectional glass/epoxy prepreg fabric with a microencapsulated healing agent was fab-
ricated using a custom built lab-scale prepregger. Microcapsules were incorporated into
glass fiber yarns using an aqueous sizing agent and ultrasonicator. Sonication increased the
microcapsule concentration in the yarn from 0.016 to 0.059 and reduced the mean capsule
distance from the yarn center from 85 to 19 µm. The fiber volume fraction and the micro-
capsule concentration of the prepreg were successfully controlled by adjusting the metering
gap of the resin impregnator and the capsule concentration of the sizing agent solution,
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Figure 2.10: Self-healing unidirectional [0]10 laminated composite manufactured from prepreg
fabric with initial Vf = 0.35, Vc = 0.040. (a) Optical image of the cross-sectional showing well
dispersed fibers with Vf = 0.56 and low void content (Vv < 0.7 %). (b) Confocal fluorescent
image of the cross-sectional surface (color code:  = matrix resin, • = glass fiber, • =
capsule). (c) ESEM image of the fracture surface along the fiber direction showing evidence
of intact capsules nested within the fiber bundles.
respectively. Unidirectional [0] 10 laminated composites were fabricated from the prepreg
fabric using vacuum-assisted hot-pressing. A self-healing composite with high fiber volume
fraction (0.56) was fabricated in comparison to existing self-healing woven composites in
which Vf < 0.41. Confocal fluorescent imaging confirmed that microcapsules remain intact
after manufacturing and reside in fiber interstitial spaces within the fabric bundles. The
self-healing composite (Vf = 0.56, Vc = 0.062) exhibited a slight decrease in the glass tran-
sition temperature (ca. 4.3 ◦C) and the transverse storage modulus E′T was reduced by 29 %
compared to a neat composite (Vf = 0.59, Vc = 0). Theoretical results from a self-consistent
model showed good agreement on E′T/Vf with the experimental measurements. This study
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Figure 2.11: Three-dimensional reconstruction of unidirectional [0]10 laminated composite
(Vf = 0.56, Vc = 0.062) from confocal fluorescent imaging. Microcapsules are colored yellow
and glass fibers are colored blue. Remaining volume is matrix resin.
has broad implications for a wide range of applications, which require a uniform distribution
of micro-scale fillers within fiber-reinforced PMCs.
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Figure 2.12: Thermomechanical characterization of neat and self-healing composites. Uni-
directional [90]10 laminated composites were tested for transverse modulus using three point
bending setup. Neat composite is Vf = 0.59 and the self-healing composite is Vf = 0.56
and Vc = 0.062.
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Chapter 3
Restoration of Fatigue Damage in
Low Tg Self-healing Composites
Self-healing of fatigue damage in laminated composites is reported for the first time us-
ing a unidirectional glass/epoxy prepreg with embedded microcapsules. Microcapsules (ca.
2.5 µm), containing a mixture of ethyl phenylacetate (EPA) solvent and diglycidyl ether
of bisphenol A (DGEBA) epoxy, are seamlessly incorporated in a cross-ply [(0/903)4/0]T
laminated composite for self-healing. Tension-tension fatigue tests reveal that fatigue dam-
age in the composite laminate is autonomously repaired due to the healing agent in the
microcapsules. Fluorescent labeling of microcapsules and matrix resin combined with con-
focal fluorescent imaging show that healing agents wick into cracks and bond the crack
faces after self-healing. Quasi-static tensile tests reveal 52.4 % recovery of tensile modulus
in self-healing laminates. Furthermore, composite laminates show a higher resistance to
crack growth when microcapsules are embedded. From the fatigue behavior of self-healing
laminates, we demonstrated a potential for extended fatigue life of fiber-reinforced polymer
composites for structural applications.
3.1 Introduction
Engineering materials in structural applications are required to endure fatigue loads through-
out the service life. Fiber-reinforced polymer (FRP) composites have become a typical en-
gineering material because of their excellent stiffness- and strength-to-weight ratios [72].
However, FRP composites are prone to damage from fatigue loads and suffer matrix crack-
ing and fiber/matrix debonding [2, 26, 73]. These matrix related damage tend to coalesce
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and grow into larger defects leading to the delamination, fiber breakage and eventual failure
[29, 74, 75].
The fatigue behavior of FRP composites has been extensively studied under a variety of
laminating schemes, such as unidirectional [27], cross-ply [20–25], quasi-isotropic [29]. Cross-
ply laminated composites, in particular, show the accumulation of damage in transverse plies
perpendicular to the loading direction until the final stage of failure under uniaxial loads. The
majority of damage in transverse plies consists of matrix cracks and fiber/matrix debonding
and lead to the reduction of the tensile modulus E(N) in the cross-ply laminates [24, 25]. A
knee, occurred in the stress-strain curve at εFPF , indicates the onset of first-ply failure (FPF)
in a cross-ply laminate [9] and the laminate exhibits a permanent reduction of the tensile
modulus (Figure 3.1a). The damage accumulates in the transverse plies of the laminate
under fatigue loads [2], and as the fatigue cycle N increases, tensile modulus E(N) decreases
(Figure 3.1b). The modulus reduction rate, -dE(N)/dN, approaching zero indicates that the
damage of transverse plies in a cross-ply laminate is saturated. Therefore, the reduction of
tensile modulus E(N) can be used as a measure of damage in cross-ply laminates, while the
value of fatigue cycle at the damage saturation, Nsat, can be used as a measure of the crack
growth resistance in the laminates.
Repairing matrix cracks and fiber/matrix debonding has been practiced to extend the
fatigue life of FRP composites by delaying the appearance of delamination and fiber breakage.
However, these types of damage in FRP composites are difficult to detect and repair during
their service period. To address this issue, self-healing FRP composites have been developed
to enhance the reliability by repairing the matrix related damage whenever and wherever
they appear.
Self-healing in FRP composites has been mainly demonstrated by two approaches: capsule-
based systems [5, 35, 58, 59, 66, 76] and vascular systems [14, 53]. Between the approaches
for self-healing, the capsule-based healing systems offer a great advantage of delivering heal-
ing agents to the region of damage in an autonomous fashion. Microcapsules sequester
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healing agents in the polymer matrices of FRP composites and release the agents upon
damage. Capsule-based self-healing in FRP composites has been mostly pursued in woven
composites because their woven rovings provide the spaces for the capsules to reside [5].
Despite some success in self-healing, these woven composites show microcapsule segregation
and low fiber volume fraction Vf (0.28-0.41) causing low mechanical performances. In a
recent study, a unidirectional glass/epoxy prepreg with embedded microcapsules has been
developed (ca. 2.5 µm) and used to fabricate self-healing laminated composites [77]. The
composite from prepreg revealed the uniform distribution of microcapsules at the fiber inter-
stitial spaces and high fiber volume fraction Vf (> 0.55) when capsule concentration Vc was
0.062. Owing to this significant enhancement, further structural applications are expected
to use capsule-based self-healing FRP composites.
In this study, self-healing of fatigue damage is demonstrated in FRP composites using
prepreg. Cross-ply laminated composites are fabricated from unidirectional glass/epoxy
prepreg with embedded microcapsules. We examine repair of matrix-related damage in the
laminates using confocal fluorescent imaging and measurement of tensile modulus. The




Urea, ammonium chloride, resorcinol, ethyl phenylacetate (EPA), nile red, and formalin
(37 % formaldehyde) were purchased from Sigma-Aldrich (Saint Louis, MO) and used as
received. Aromatic polyisocyanate (Desmodur L75) was purchased from Covestro (Pitts-
burgh, PA), and ethylene-maleic anhydride (EMA) copolymer powder (Zemac-400) was re-
ceived from Zeeland Chemicals (Zeeland, MI). Diglycidyl ether of bisphenol F epoxy resin
(EPON 862) and aliphatic amine hardener (EPIKURE 3274) were purchased from Miller-
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Figure 3.1: Predicted behavior of cross-ply laminates under (a) quasi-static tensile loading
and (b) fatigue loading conditions. First-ply failure (FPF) induces the reduction in Youngs
modulus and disappearance of a knee [9]. As the fatigue cycle increases, the modulus
exponentially decreases until the crack saturation is reached at [2].
Stephenson (Morton Grove, IL), and fluorescent dye DFSB-K43 was purchased from Risk
Reactor (Santa Ana, CA). E-glass fiber bobbins (ECG150) with 200 filament count yarn
were purchased from PPG Fiber Glass (Cheswick, PA) with filament ca. 9 µm in diameter.
3.2.2 Specimen Preparation
Prepreg Manufacturing
Polyurethane/poly(urea-formaldehyde) (PU/UF) microcapsules (avg. 2.5 µm) were manu-
factured by in-situ polymerization following existing procedures [4]. The core material was
a mixture of EPON 862 resin (3 wt%) and EPA solvent (97 wt%) with a small amount of
nile red dye (0.02 wt%) added for visualization. The matrix resin consisted of a mixture of
EPON 862 resin and EPIKURE 3274 hardener (100:48 by weight), in which DFSB-K43 dye
(0.02 wt%) was added for visualization. A customized prepregger [77] was used to fabricate
the prepreg in which microcapsules were embedded (Vf = 0.35, Vc = 0.054). The fiber areal
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weight of a prepreg was either 35 g/m2 or 70 g/m2. Thin prepreg (35 g/m2) was used for
0 plies and thick prepreg (70 g/m2) was used for 90 plies of a laminate. A prepreg without
capsules was also fabricated using the same process and equipment and used to fabricate
neat composites.
Composite Processing with Prepreg
Cross-ply laminated composites were manufactured from prepreg with a stacking sequence of
[(0/903)4/0]T . Composite panels were cured by hot pressing technique with vacuum bagging.
The cure cycle employed was 50 ◦C for 2 h under full vacuum and 0.2 MPa applied pressure,
followed by 48 h at room temperature. Specimens achieved a final degree of cure of 0.80 after
the full cure cycle. Self-healing composites (Vf = 0.51, Vc = 0.072) and neat composites
(Vf = 0.54) were prepared in this fashion. Composite panels were machined to specimens
of 150 mm (L) × 14 mm (W) and aluminum tabs were attached using a high shear adhesive
(Super Glue Gel, Loctite) for mechanical testing (Figure 3.2).
3.2.3 Mechanical Testing
Unidirectional quasi-static tensile tests and tension-tension fatigue tests were performed us-
ing a servo-hydraulic test machine (Instron Model 8500) which was equipped with hydraulic
wedge grips (MTS Model 647). The wedge grips maintained a gripping pressure of 1.5 MPa
throughout testing. Strain values were measured using contact extensometers with 50 mm
(MTS Model 632) and 12.5 mm (MTS Model 634.12) gage lengths for the tensile test and
fatigue test, respectively. Quasi-static tensile tests were performed before and after each
fatigue test to acquire stress-strain curves. Five specimens were tested for each data set for
self-healing and neat composites.
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Figure 3.2: Test specimen configuration and schematic of transverse cracks in the specimen.
Quasi-static Tensile Test
Uniaxial tensile loading was applied to specimens at a rate of 0.6 mm/min until the load
reached 2 kN (Pmax) or ca. 50 MPa tensile stress. The strain at first-ply failure εFPF was
calculated from the knee in the loading curve, as described in ASTM D3039 (see Figure
3.1a).
Youngs modulus E after N fatigue cycles was calculated by a linear fit of the stress-strain




(0.01% < ε < 0.03%) (3.1)
where ε is the longitudinal normal strain, σ is the longitudinal normal stress as a function
of ε. Therefore, E(0) represents Youngs modulus of a specimen before exposure to fatigue
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loads. We define the healing efficiency λE of a specimen based on the recovery of Youngs





where E(N)h is Youngs modulus of a fatigued specimen after healing period (24 h at
room temperature).
Tension-tension Fatigue Test
Tension-tension fatigue testing was carried out under load control at 10 Hz and a load ratio
(R=Pmax/Pmin) of 10 where Pmax was 2 kN. The longitudinal normal strain ε was recorded
at Pmax and Pmin every 32 cycles. Specimens were subjected to the fatigue loads until the
loading cycle reached 15,000 and removed from the test machine for the healing period.
After the healing period, the fatigue loads were applied again to the specimens until the
loading cycle reached 8,000.







where A is the cross-sectional area of the specimen. We define the saturation of damage
in transverse plies when -dEs/dN < 10
−5 GPa/cycle, and numerically calculated the value
of fatigue cycle at the saturation (Nsat) (see Figure 3.1b).
3.2.4 Microscopy Imaging
A confocal fluorescent microscope (SP8, Leica) was used to visualize the constituents of
composite specimens from the cross-sectional surface. Under the excitation of a 488 nm
laser, the emission spectrum was observed for microcapsules (637-678 nm) and the matrix
resin (494-539 nm).
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Transverse cracks in composite specimens were imaged by scanning electron microscopy
(XL30 ESEM, FEI). Adding to that, a dye penetration method was used to visualize trans-
verse cracks in the specimens in which fluorescent dyes were not added. In this case, a
fluorescent penetrant (ZL-60C, Magnaflux) was applied to the cross-section of the specimen
after 15,000 fatigue cycles and imaged by fluorescent microscopy (Z1, Zeiss).
3.3 Results and Discussion
3.3.1 Typical fatigue test results
Cross-ply laminates were damaged due to fatigue loads of N = 15,000 and cracks appeared
in the transverse plies (Figure 3.3). The width of crack faces ranged from submicron to 1.2
µm depending on the distance from 0 plies. This width of crack separation created a damage
volume small enough to repair, considering the diameter of embedded microcapsules (avg.
2.5 µm) [78].
Transverse cracks in cross-ply laminates induced a significant reduction of tensile modulus
and a knee disappeared in the stress-strain curve (Figure 3.4). Table 3.1 summarizes the
values of Youngs modulus E and knee εFPF obtained from the stress-strain curves. Self-
healing composites showed 12.7 % less E(0) than neat composites because the embedded
microcapsules reduce the tensile modulus of the matrix [79]. On the other hand, the self-
healing composites achieved 38.9 % higher εFPF than the neat composites, indicating the
increase of fracture toughness with the incorporation of microcapsules [20]. The modulus
reduction ratio, E(15,000)/E(0), was < 0.72 and no significant difference were found between
self-healing composites (0.72) and neat composites (0.70).
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Figure 3.3: Characterization of transverse cracks in self-healing composites. (a) Fluores-
cent penetrant inspection of the composite cross-section after 15,000 fatigue cycles. Matrix
cracks and fiber/matrix debondings glow in the fluorescent micrograph. (b) SEM image of
a transverse crack showing the crack width < 0.8 µm.
Table 3.1: Tensile properties of neat and self-healing composites.
3.3.2 Effect of capsules on fatigue behavior
Observation of the secant modulus Es during ongoing fatigue test reveals that the modulus of
cross-ply laminates are exponentially decreasing with increasing fatigue cycle N (Figure 3.5).
Incorporation of microcapsules induced a slower decay of Es in the composite specimens, and
the resulting Nsat values were 3800 ± 630 cycles for neat composites and 10550 ± 2610 cycles
for self-healing composites. This 2.8 times higher value in Nsat indicates that the composite
with microcapsules obtained a higher resistance to crack growth delaying the saturation of
transverse cracks [80]. The increase in Nsat shows a good agreement with the increase in
εFPF observed from the stress-strain curve (see Table 3.1).
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Figure 3.4: Stress-strain curves for a neat and self-healing composite obtained from quasi-
static tensile tests. The tests are performed before (N = 0) and after (N = 15,000) exposure
to fatigue loads.
3.3.3 Assessment of self-healing of fatigue damage
Visualization of damage
The morphology of transverse cracks was identified by scanning electron microscopy and
confocal fluorescent microscopy (Figure 3.6). The comparison of SEM images taken after a
healing period revealed that the crack faces are closed with the incorporation of microcapsules
(Figure 3.6a). Self-healing composites exhibited both of the opened region and closed region
along the crack. In contrast, neat composites revealed a clear separation of crack faces.
Confocal fluorescent imaging of self-healing composites revealed that healing agents are
released from the embedded microcapsules into the cracks (Figure 3.6b). The microcapsules
were sheared and deflated near the crack and healing agents were wicked into fiber/matrix
interfaces and matrix cracks. We observed numerous regions with the fiber/matrix interfacial
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Figure 3.5: Reduction in secant modulus Es of a neat and self-healing composite during
fatigue tests. The average values of Nsat are 3800 ± 630 for neat composites and 10550 ±
2610 for self-healing composites.
debonding, which are a typical damage pattern of transverse plies in laminated composites.
Recovery of tensile modulus (E and Es)
Stress-strain curves of fatigue-loaded specimens (N = 15,000) were obtained before and after
24 h of healing period (Figure 3.7). The healing period did not induce the change of the
stress-strain response in neat composites, indicating that healing did not occur. In stark
difference, the stress-strain response of self-healing composites showed the significant increase
in the tensile modulus. Figure 3.8 contains a summary of quasi-static tensile tests on neat
composites and self-healing composites which underwent different fatigue loads and healing
periods. The result shows that 52.4 % of healing efficiency λE was achieved in the self-
healing composites, while the healing efficiency λE for the neat composite (4.9 %) was
within the experimental error. This recovery induced the self-healing composites to possess
5.4 % higher value of Youngs modulus, Eh(15,000), compared to the neat composites. After
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Figure 3.6: Morphology of transverse cracks in cross-ply laminates with a healing period.
(a) ESEM images of crack separation in neat and self-healing composites. (b) Confocal
fluorescent images taken 10 µm below the cross-sectional surface of a self-healing composite.
Composite specimens were imaged before (N = 0) and after (N = 15,000) exposure to fatigue
loads. Color code:  = matrix resin, • = glass fiber, • = capsule
a subsequent fatigue loading, self-healing composites obtained Youngs modulus Eh(23,000)
nearly identical to E (15,000), indicating the reopening of repaired cracks.
Monitoring the normalized secant modulus, Es/E(0), during fatigue tests reveals a pro-
gressive failure of the repaired cracks in self-healing composites (Figure 3.9). We observed
the increased amount of Es(15,000)/E(0) after the healing decays exponentially over the
fatigue cycles. In contrast, neat composites showed no evidence of healing.
3.4 Summary
Self-healing of cross-ply [(0/903)4/0]T laminates were demonstrated using glass /epoxy prepreg
with embedded microcapsules. Cross-ply laminates underwent tensile-tensile fatigue loading
and exhibited ca. 28 % reduction in the tensile modulus due to the damage in transverse
plies. Incorporation of microcapsules brings about 52.4 % recovery of Youngs modulus in the
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Figure 3.7: Stress-strain curves of neat and self-healing composites which underwent different
fatigue cycles and a healing period. These curves were used to obtain Youngs modulus
of fatigue-loaded specimens before a healing period E(15,000) and after a healing period
Eh(15,000). Likewise, E(0) denotes Youngs modulus of a specimen before exposure to
fatigue loads.
composite specimens after 24 h at room temperature, indicating the healing of transverse
cracks. In addition, the value of fatigue cycle at transverse crack saturation was 2.7 times
higher with the embedded microcapsules, representing the increase of crack growth resis-
tance. From these results, we foresee the extension of fatigue life in the FRP composites, by
delaying the appearance of delamination or fiber breakage, when glass/epoxy prepreg with
embedded microcapsules was used.
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Figure 3.8: Summary of Youngs modulus of neat and self-healing composites obtained from
quasi-static tensile tests.
Figure 3.9: Normalized secant modulus Es(N)/ E(0) as a function of fatigue cycle (N ) for




Cure Self-healing Carbon Prepregs
Unidirectional prepreg was developed, consisting of carbon-fiber, thermoplastic-toughened
epoxy resin and solvent encapsulating microcapsules. A benchtop prepregger was designed
and built to fabricate prepregs by microcapsule sizing, resin impregnation, and fiber winding.
Confocal fluorescent imaging revealed a uniform distribution of microcapsules (ca. 2.8 µm) in
the fiber interstitial spaces of prepreg. Hot-pressing of a stack of prepreg created a laminated
composite into which the microcapsules were translated. The resulting laminated composite
achieved a high fiber volume fraction > 62 vol% and glass transition temperature > 170 ◦C,
while containing 20 wt% of poly(bisphenol a-co-epichlorohydrin) (PBAE) thermoplastic and
3.1 vol% of the microcapsules. Incorporation of microcapsules reduced the glass transition
temperature and transverse modulus of a laminated composite. The presence of intact
microcapsules and phase-separated thermoplastic indicates the healing capabilities in the
laminated composites.
4.1 Introduction
Fiber-reinforced polymeric (FRP) composites are excellent engineering material due to a
high specific stiffness and strength. Continuous carbon fibers are typical reinforcements for
structural applications because they provide superior mechanical properties in the fiber di-
rection [81–83]. On the other hand, transverse mechanical properties and thermal properties
mainly depend on the matrix of the composite [84, 85]. In effort to enhance the matrix-
dominated properties in FRP composites, matrix resins have been evolved for a high fracture
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toughness and glass transition temperature Tg [86–89]. However, catastrophic nature of FRP
composites, which often initiates from microcracks, still remains a problem.
Microcracks within FRP composites are difficult to detect and often impossible to repair.
Previous studies have been attempted to repair microcracks by transporting the embedded
thermoplastic phase into the damage zone [90–94]. Yet, a specimen needs to be thermally
treated at > 120 ◦C for the thermoplastic to gain enough mobility, which is not practical
for the most structural applications. In a recent study, a self-healing concept was applied
to the thermoplastic-toughened epoxy system and demonstrated healing at 30 ◦C [32]. The
healing was carried out by an ethyl phenylacetate (EPA) solvent was released from embed-
ded microcapsules and dissolve poly(bisphenol a-co-epichlorohydrin) (PBAE) thermoplastic,
leading to fill the crack separation.
Incorporating microcapsules have been a typical method to sequester healing agents
within a polymeric matrix for repairing microcracks [3, 95]. However, distributing micro-
capsules into FRP composites has been challenging due to manufacturing constraints. Wet
layup technique using a mixture of resin-capsule [5, 35, 36, 58, 59, 66] or directly spray-
ing capsules onto a fiber fabric [61, 96] revealed the fabrication of FRP composites with
embedded microcapsules, but showed capsule segregation and a low fiber volume fraction
(< 0.41). Likewise, a highly-viscous thermoplastic-toughened epoxy matrix is expected to
amplify these difficulties of incorporating microcapsules in FRP composites. Moreover, mi-
crocapsules do not adhere to carbon fibers [97] and the fibers are susceptible to break during
the process, which makes prepregging process difficult described in [77].
This research features in three aspects: (1) distribution of microcapsules without segre-
gation, (2) efficient fabrication process for high Vf , and (3) thermoplastic-toughened epoxy
matrix for high Tg. These are the first steps to studying engineering performances of a
self-healing carbon-fiber/thermoplastic-toughened epoxy composites for high-performance
structural applications. In this study, a unidirectional carbon-fiber/thermoplastic-toughened
epoxy prepreg with embedded microcapsules was fabricated using a customized benchtop
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prepregger. Hot-pressing of a prepreg stack created a self-healing laminated composite and
the microstructure and thermomechanical properties were examined.
4.2 Experimental Methods
4.2.1 Microcapsule Preparation
Microcapsules were manufactured by modifying existing in-situ polymerization procedure
[98], as shown in Table 4.1. The core was ethyl phenylacetate (EPA) solvent in which nile
red dye (0.02 wt%) was added for visualization. The shell wall consisted of polyurethane
(PU), poly(urea-formaldehyde) (UF), and polydopamine (PDA). The PDA layer was formed
within a pH 7 buffer solution consisting of 0.5 M sodium phosphate monobasic monohydrate
and 0.5 M sodium citrate dehydrate. Urea, ammonium chloride, resorcinol, EPA, Nile red,
formalin (37 % formaldehyde in water), ammonium persulfate, dopamine hydrochloride,
sodium phosphate monobasic monohydrate, sodium citrate dehydrate, and sodium hydroxide
were purchased from Sigma-Aldrich (St. Louis, MO). Ethylene-maleic anhydride (EMA)
copolymer powder (ZeMac-E400) was purchased from Zeeland Chemicals (Zeeland, MI),
and polyurethane (PU) prepolymer (Desmodur L 75) was received from Covestro (Pittsburg,
PA).
4.2.2 Unidirectional Prepreg Fabric Fabrication
Prepreg Materials
A prepreg resin consisted of diglycidyl ether of bisphenol An epoxy resin (EPON 828),
4,4’-diaminodiphenylsulfone (DDS) hardener, poly(bisphenol a-co-epichlorohydrin) (PBAE)
thermoplastic, butanone (MEK) solvent, and a small amount of DFSB-K43 fluorescent dye
for visualization (Table 4.2). EPON 828 was purchased from Miller-Stephenson (Morton
Grove, IL), DDS and PBAE were purchased from Sigma-Aldrich (St. Louis, MO), and
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Table 4.1: Microcapsule fabricating procedure.
DFSB-K43 was received from Risk Reactor (Santa Ana, CA). Carbon fiber bobbins with 3000
filament count tow (AS4C-3k) were purchased from Hexcel (Stamford, CT) with filament
ca. 7.1 µm in diameter.
Benchtop Prepregger
A benchtop prepregger was built to manufacture a unidirectional prepreg inside a conven-
tional fume hood. The prepregger consists of a fiber bobbin, a fiber tensioner, a self-inking
sizing drum, a resin impregnator, and a winding mandrel as shown in Figure 4.1. A carbon
fiber tow was fed from a bobbin (a) to a tensioner (b) which consists of multiple freely
rotating guide rollers adjusted to control the fiber tension. A self-inking sizing drum (c)
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Table 4.2: Prepreg resin preparation procedure.
was equipped with a freely rotating nylon drum and a falcon tube (50 ml) for a sizing agent
attached to a vortex mixer (02215365, Fisher scientific). A PVC tube (inner diameter =
1 mm) delivered the sizing agent from the falcon tube to the nylon drum by gravity feed-
ing. A resin impregnator (d) consisted of a resin bath containing a drum-impregnator and
a doctor blade within a solvent trap. The solvent trap consisted of a glass solvent bath
and polycarbonate cover to inhibit the evaporation of MEK solvent from the resin bath. A
winding mandrel (e), 200 mm (φ) × 200 mm (w), rotates and translates independently by
two separate servomotors (393, Vex Robotics) with the speed up of 6.7 rpm for rotation and
30 mm/min for translation.
Prepreg Fabrication Procedure
A sizing agent was prepared by mixing lyophilized capsules with MEK solvent at a capsule
concentration from 1.0 to 16.8 vol%. The MEK concentration within a prepreg resin was
varied from 35 to 240 pph with respect to the mixture of EPON 828, DDS, and PBAE. The
prepreg resin was poured into the resin bath and the glass solvent bath was filled with MEK
solvent.
A carbon fiber tow was processed with a translational speed of 48 mm/s while the fiber
tension was maintained at < 2 N. The self-inking sizing drum applied a sizing agent to the
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Figure 4.1: Schematic of a benchtop prepregger consists of (a) carbon bobbin, (b) fiber
tensioner, (c) self-inking sizing drum, (d) resin impregnator, and (e) winding mandrel.
tow which traveled below the sizing agent-coated drum. The amount of sizing agent on the
drum was controlled by maintaining a 3 ml/min delivery rate from the falcon tube while
the vortex mixer kept the capsules from segregating. The following nylon roller removed the
excessive sizing agent from the tow before proceeding into the resin impregnator. The sized
tow was subsequently impregnated with a prepreg resin with which the impregnating drum
was coated. The impregnating drum was partially dipped into the resin and movement of
the tow rotated the drum restoring the resin layer to a 1 mm thickness as controlled by the
doctor blade. The winding mandrel continuously wound the resin-impregnated tow while
translated at 4.6 mm/min for closely packing the tows side-by-side until a width of a prepreg
fabric reaches 120 mm. The prepreg fabric on the mandrel (630 mm (l) × 120 mm (w)) was
degassed under vacuum at 80 ◦C for 45 min to remove the remaining MEK solvent, leaving
a solid lamina at room temperature.
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4.2.3 Processing for Laminated Composites
A vacuum-assisted hot-pressing fabricated a laminated composite from unidirectional prepreg
fabrics. The prepreg fabrics were cut into 100 mm × 60 mm sheets and stacked with the
layup sequence of [0]8 at room temperature. This stack of prepreg fabric was covered with
release fabric (582, Fibre Glast), a porous steel plate, and 3 plies of bleeder cloth (579, Fibre
Glast) and sealed with a vacuum bag between aluminum plate molds. The entire mold was
hot-pressed by heating to 120 ◦C at 2 ◦C/min and held for 3 hours, followed by heating to
180 ◦C at 2 ◦C/min and held for 1 hour. The vacuum was applied from the beginning of the
hot-pressing, at room temperature, and held until the temperature reached 120 ◦C. Then,
a pressure of 0.3 MPa was applied for the remainder of the pressing including the cooling
process (5 ◦C/min to room temperature). The laminated composite was then post-cured in
a convection oven for 1 h at 180 ◦C, and cut to the size of 45 mm (l) × 8 mm (w) with fiber
orientation perpendicular to the length.
4.2.4 Characterization Methods
Lyophilized Microcapsules
Scanning electron microscopy (SEM, Philips XL30) was used to visualize the microcapsules,
and the size distribution was measured using a particle sizer (AccuSizer FX, Particle Siz-
ing Systems). Thermogravimetric analysis TGA, Mettler Toledo 851) and proton nuclear
magnetic resonance (1H-NMR, Varian VXR500) were used to evaluate the stability of the
lyophilized microcapsules against a high temperature and MEK. Prior to TGA tests, micro-
capsules were soaked in MEK for 24 hours and dried for 12 hours at room temperature to
simulate the conditions for prepreg fabrication. The residual mass of these microcapsules was
recorded as the capsules were heated to 180 ◦C at 10 ◦C/min, held for 3 hours, and further
heated up to 650 ◦C in N2 atmosphere. The core retention of microcapsules in MEK was
examined by mixing ethylene carbonate (60 mg) as an internal standard with the capsules
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(150 mg) and MEK (3 g). An aliquot was filtered to isolate the microcapsules after 24 hours
at room temperature and mixed with d-chloroform for 1H-NMR analysis. The integrated
peak of EPA and ethylene carbonate in 1H-NMR spectra allowed for a calculation of the
percentage of EPA core released.
Prepreg Fabrics and Laminated Composites
Microcapsules, epoxy, and PBAE were identified by the different fluorescent signatures using
confocal fluorescent microscopy (TCS SP8, Leica). Images were taken through the cross-
section of a sample perpendicular to carbon fibers 1 µm below the surface. Under excitation
at 488 nm, emission spectra for the matrix and microcapsules were collected in a range of
490 - 520 nm and 640 - 690 nm, respectively. Within the matrix, PBAE and epoxy were
differentiated by the lower fluorescent intensity of PBAE, and the integrity of microcap-
sules was analyzed from their morphology. Impregnation ratio θ was used to quantify the





where Atot is the entire tow area and Aim is the resin-impregnated area within the tow. A
different type of prepreg was fabricated by directly impregnating a resin-capsule mixture (5
vol% capsules and 80 pph MEK) and compared its θ to the prepreg fabricated by self-inking
sizing.
For a prepreg fabric, the microcapsule concentration (Vc) was measured from the change
in mass after fiber sizing process and fiber volume fraction (Vf ) was measured from the
change in mass after resin impregnation, as described in ASTM D3171. Microcapsules
on carbon fibers increased the mass of the entire fabric after the sizing process, and the
mass from capsules was converted into the volume by their specific gravity (ca. 1.02) for Vc.
Likewise, the mass change after the resin impregnation provided the mass of the impregnated
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resin allowing to calculate Vf of a prepreg fabric. Confocal fluorescent images were used
to calculate Vc and Vf for laminated composites because the prepreg fabrics experienced
changes in resin and capsule quantity throughout a hot-pressing process. Optical microscopy
(Observer Z1, Zeiss) imaged the cross-section of a laminated composite providing the void
fraction (Vv), and the composite was manually fractured to examine the fracture surface
using SEM.
A dynamic mechanical analyzer (G3, TA instrument) was used to evaluate thermome-
chanical properties of laminated composites, using a 3 point bending fixture and the test
protocol outlined in ASTM D5023. The strain of 0.01 % was applied at 1 Hz with a span
length of 40 mm while the temperature was increased from 25 ◦C to 210 ◦C at 5 ◦C/min.
Transverse elastic modulus (E′T ) and loss modulus (E
′′
T ) were calculated throughout the test





4.3 Results and Discussion
4.3.1 Microcapsule Analysis
The morphology of lyophilized microcapsules and their size distribution are shown in Figure
4.2. The microcapsules were spherical in shape with a smooth shell wall as seen in the SEM
image (Figure 4.2a). Some microcapsules possessed a slight dent on the shell wall after
PDA coating process, supposedly because of a pH 7 buffer solution. These microcapsules
showed a right-skewed size distribution with a median diameter of 2.85 µm as described by
the particle sizer (Figure 4.2b). The PDA layer of the shell wall increased solvent resistivity
and thermal stability of microcapsules. The result from 1H-NMR showed the capsules with
a PDA layer hold > 90 % of the core material (EPA) after mixing in MEK for 24 hours,
whereas the capsules without a PDA layer hold < 78 % (Figure 4.3a). This difference from
the PDA layer became more significant at the elevated temperature (180 ◦C) in the following
TGA tests (Figure 4.3b). The microcapsules with a PDA layer held their mass > 95 % after
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3 hours at 180 ◦C, unlike the capsules without a PDA layer holding < 48 % of their mass.
Figure 4.2: Characterization of lyophilized microcapsules. (a) SEM image of the spherical
microcapsules and (b) a size distribution. The median diameter of the microcapsule is 2.85
µm.
Microcapsules were spherical in shape filled with a healing agent, and the surrounding
matrix consisting of epoxy and PBAE was homogenous before cure (Figure 4.4a). This
mixture of microcapsules and a matrix attained a co-continuous structure after curing at
120 ◦C for 3 hours followed by 180 ◦C for 1 hour (Figure 4.4b). The microcapsules within the
matrix maintained the initial morphology filled with a healing agent. These results support
that a PDA layer increases the solvent resistivity and thermal stability of microcapsules
enough to withstand the conditions for prepreg fabrication and hot-pressing.
4.3.2 Unidirectional Prepreg Fabric
Distribution of Constituents
Resin impregnation was insufficient (θ < 0.1) causing large dry regions within a prepreg
fabric when a resin-capsule mixture was directly impregnated (Figure 4.5a). Moreover,
microcapsules were segregated at the exterior region because they are filtered by filaments.
Conversely, the self-inking sizing process, using 2 vol% sizing agent and 60 pph MEK prepreg
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Figure 4.3: Effects of a PDA layer on solvent resistivity and thermal stability of microcap-
sules. (a) NMR test results showing the core retention of microcapsules after 24 hours in
MEK, and (b) the results of the following TGA tests.
resin, distributed the microcapsules at the interstitial spaces of carbon fibers because the
sizing drum separated a tow allowing the low viscous sizing agent to penetrate (Figure 4.5b).
The entire fabric was impregnated with a resin (θ = 1) without any dry regions, supposedly
from the sizing agent wet out the entire tow promoting the resin impregnation [99].
Fabrication Parameters
Fabrication parameters controlled capsule concentration (Vc) and fiber volume fraction (Vf )
of a prepreg fabric (Figure 4.6). Changing the capsule concentration of the sizing agent
linearly scaled the amount of capsules into the carbon fiber fabric (Figure 4.6a). These
capsules on the fiber fabric were directly transferred to a prepreg fabric because the filaments
within a tow were closely packed holding the capsules throughout the rest of the fabrication
process. MEK reduced the viscosity of the prepreg resin and managed Vf of a prepreg
fabric (Figure 4.6b). At least 50 pph of MEK was required for a prepreg resin to completely
dissolve PBAE, and a prepreg fabric held more resin as the viscosity decreases. At MEK
content > 80 pph, resin attained low enough viscosity to saturate tows [100, 101] but the
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Figure 4.4: Confocal fluorescent images of PDA layer-coated microcapsules embedded within
a PBAE-toughened epoxy. (a) Microcapsules are dispersed in a homogeneous matrix before
cure, and (b) these microcapsules retain a healing agent and surrounding matrix attains
co-continuous structure after curing at 180 ◦C.
?Color code: = epoxy; = PBAE; •= microcapsules
prepreg fabric held less resin as the viscosity decreases because it contains a large amount
of MEK.
Confocal fluorescent microscopy along the width of a prepreg fabric assessed the unifor-
mity of Vf and Vc for the fabric as shown in Figure 4.7. The prepreg fabric obtained Vf =
0.43 ± 0.02 and Vc = 0.024 ± 0.002 when a sizing agent containing 2 vol% capsules and a
prepreg resin at 60 pph of MEK were used. The deviation for Vf and Vc was < 10 % because
the self-inking sizing process supplies a consistent amount of capsules to the tow throughout
the process, while the solvent trap maintained the MEK concentration of the prepreg resin.
These results from confocal fluorescent images corresponded well with the results measured
from the mass change (Figure 4.6).
54
Figure 4.5: Confocal fluorescent images of the prepreg fabric from a resin-capsule mixture
or a self-inking sizing process. (a) A resin-capsule mixture caused thin impregnated resin
layer (θ < 0.1) with the segregated microcapsules. (b) A self-inking sizing process led full
impregnation of resin (θ = 1) and microcapsules at the interstitial spaces of fibers.
4.3.3 Laminated Composite Characterization
Microstructure of Laminated Composite
Optical images allowed identification of voids within a laminated composite, which are shown
as the black pixels (Figure 4.8a). Residual MEK within a prepreg fabric led to a minimal
number of voids and a laminated composite with Vv < 0.01 was fabricated using the prepreg
fabric from which the MEK was completely removed. Confocal fluorescent images visualized
the microcapsules within a laminated composite that cannot be seen from the optical images
(Figure 4.8b). Microcapsules with a PDA layer contained a healing agent within the intact
shell wall and resided at the interstitial spaces of fibers, unlike the ruptured capsules without
the PDA layer. These capsules without a PDA layer were deflated from hot-pressing and led
to a higher compaction of fibers in a laminated composite. A laminated composite obtained
Vf = 0.62 and Vc = 0.031 from the prepreg fabric fabricated using a sizing agent at 5 vol%
and a prepreg resin at 80 pph of MEK.
The fracture surface of a laminated composite shows the morphology from intact micro-
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Figure 4.6: Prepreg fabricating parameters to control microcapsules and a resin within
prepreg fabric. (a) Microcapsules onto a fiber fabric as a function of the capsule concentration
of the sizing agent. (b) Fiber volume fraction of a prepreg fabric and the viscosity of resin
as a function of MEK concentration within the resin.
capsules and a matrix consisting of PBAE-toughened epoxy as shown in Figure 4.9. The
hollows on the fracture plane evidence the presence of intact microcapsules within a lami-
nated composite, while PBAE-toughened epoxy left the embossed spheres. Coexisting intact
microcapsules and PBAE-toughened epoxy on the fracture plane provide the potential for
self-healing and enhanced fracture toughness of a laminated composite.
Thermal and Mechanical Analysis
Figure 4.10 shows the results from DMA tests, for a self-healing laminated composite (Vf
= 0.62, Vc = 0.031) and a neat laminated composite (Vf = 0.65). The representative curve
for self-healing laminated composite possessed two distinct peaks for tan delta around 80 ◦C
and 170 ◦C (Fig. 4.10a). The first peak coincides with the melting temperature of PBAE
demonstrating its presence within a matrix. A self-healing laminated composite showed a
drop in E′T (ca. 14 %) and Tg (ca. 9
◦C) compared to a neat laminated composite (Fig.
4.10b). These drops concur with previous studies [32, 79, 102], supporting that the self-
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Figure 4.7: Distribution of Vf and Vc along the width of a prepreg fabric fabricated using a
sizing agent at 2 vol% and a prepreg resin at 60 pph of MEK.
healing laminated composite contains intact microcapsules. Still, a self-healing laminated
composite possesses Tg > 170
◦C promising the high-performance applications for self-healing
fiber-reinforced composites.
4.4 Summary
Self-healing laminated composites were fabricated from a unidirectional carbon fiber/PBAE-
toughened epoxy prepreg fabric, containing healing agent filled microcapsules. A benchtop
prepregger was developed to fabricate the unidirectional prepreg fabric from a consistent
process of self-inking sizing and resin impregnation. The self-inking sizing caused the mi-
crocapsules to reside at the interstitial spaces of fibers without segregation, and the highly
viscous PBAE-toughened epoxy resin was fully impregnated within the prepreg fabric. A
self-healing laminated composite of Vf > 60 vol% and Tg > 150
◦C was then manufactured
from this prepreg fabric by a hot-pressing process. The microcapsules within a prepreg fab-
ric withstood the hot-pressing process and retained their intact morphology, while the ma-
trix of laminated composite attained the co-continuous structure from the phase-separating
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Figure 4.8: Self-healing laminated composite is characterized by its cross-sectional images.
(a) Optical microscopy visualized voids as black pixels which are resulted from residual
MEK. (b) Confocal fluorescent microscopy allowed to assess the survival of microcapsules
within the composite (Vf = 0.62, Vc = 0.031) from their morphology.
PBAE/epoxy. These intact microcapsules and the co-continuous PBAE/epoxy structure
are known to cause the self-healing and enhanced fracture toughness within a laminated
composite, which will be examined in the future work.
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Figure 4.9: Fracture surface of a self-healing laminated composite using SEM. Morphologies
from intact microcapsules and PBAE-toughened epoxy are shown from the same fracture
plane.
Figure 4.10: DMA test results for neat and self-healing laminated composites. (a) The
representative curve for a self-healing composite shows two distinct tanδ peaks. (b) E′T and
Tg are summarized (n = 3) for each composite.
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Chapter 5
Fatigue Life Extension of High Tg
Self-healing Composites
Fiber-reinforced composites provide excellent specific mechanical properties. Yet, the catas-
trophic failure of fiber-reinforced composites subjected to fatigue loading is a major challenge
in engineering applications. Here, we report the stark extension of fatigue life of carbon fiber
reinforced plastic (CFRP) laminates with high fiber volume fraction > 60 vol% and glass
transition temperature > 170 ◦C. Solvent-containing microcapsules lead to rebonding of
crack planes upon rupture by dissolving a thermoplastic phase followed by the eventual sol-
vent evaporation. This thermoplastic adhesive layer reduced the effective stress intensity
upon subsequent fatigue loading extending the fatigue life of CFRP laminate around 400 %.
5.1 Introduction
Fiber-reinforced polymer (FRP) composites provide excellent specific mechanical properties
for aerospace-grade applications. However, the catastrophic failure nature due to fatigue-
induced microcracking is a major issue which needs to be addressed. Adding thermoplastic
toughener into conventional FRP composites has been proposed to increase the structural
reliability [103–108], because thermoplastic phases create a plastic zone retarding the crack
propagation [109–111]. The thermoplastics are often presented as particulates [88, 112–
114], fibers [115–118], or as an sheet [19, 119–121] within FRP composites. However, these
fabrication approaches produce distinct interlayers filled with thermoplastics degrading the
structural integrity of the FRP composite. Thus, an epoxy/thermoplastic blend has been
used to create the uniform, co-continuous structure of epoxy and thermoplastic in FRP
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composites. This co-continuous structure of the matrix is induced by a phase separation
during the curing which is applicable to the existing composite manufacturing process [122,
123].
Repairing a damage of FRP composites has been also researched using such embedded
thermoplastic phases. An external heat is given to melt the embedded thermoplastic phase
and lead to rebond the fracture planes by the thermoplastic layer [90–94, 124]. The fatigue
life extension can be inferred from this thermoplastic layer because the adhesive force from
the thermoplastic layer reduces the stress intensity at the crack tip [125, 126]. Owing to
the stress intensity reduction, fatigue crack growth is retarded [127–129] in FRP composites
which simultaneously delay the degradation of the residual strength of the composite [30].
A typical temperature given for the repair is > 120 ◦C because the thermoplastic phase
needs to attain low enough viscosity to flow. For the healing to take place in an ambient
temperature, manually injecting a solvent was proposed which dissolves the thermoplastic
allowing it to flow [130–133].
In recent studies, these types of solvents were delivered in an autonomous fashion by
encapsulating the solvent in microcapsules and distribute them within the matrices [3, 95].
On the following study, self-healing thermoplastic-toughened epoxy was demonstrated by
incorporating ethyl phenylacetate (EPA)-containing microcapsules into the matrix consisting
of diglycidyl ether of bisphenol A (DGEBA) epoxy and poly(bisphenol a-co-epichlorohydrin)
(PBAE) thermoplastic [32]. These microcapsules release EPA upon rupture creating a PBAE
layer in between the fracture planes and the fracture toughness was recovered up to 57 %.
The successful self-healing in a bulk thermoplastic-toughened epoxy shows the potential
for FRP composites to heal their damage when the self-healing matrix is used. Thus, an
aerospace-grade FRP composite consisting of this self-healing matrix was fabricated from
a prepreg fabric in which the microcapsules are uniformly distributed at the carbon fiber
interstitial spaces [10]. The fatigue failure of this self-healing FRP composite is expected to
be retarded due to the thermoplastic layer within matrix cracks and fiber/matrix interfacial
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debonding [2, 28].
In this paper, the fatigue life extension of an aerospace-grade self-healing carbon FRP
composite consisting of thermoplastic-toughened epoxy and solvent-containing microcapsules
is investigated. Cross-ply laminated FRP composites were prepared from self-healing prepreg
fabrics and subjected to a tension-tension cyclic loading. The residual strength of the FRP
was assessed to identify the restoration of mechanical integrity due to the healing. Finally,
the extension of fatigue life was investigated.
5.2 Experimental Methods
5.2.1 Materials
Triple shell walled microcapsules containing an ethyl phenylacetate (EPA) solvent was fab-
ricated using an in-situ polymerization outlined in [98]. These microcapsules were incor-
porated into an unidirectional carbon fiber prepreg consisting of diglycidyl ether of bisphe-
nol A (DGEBA) epoxy resin, 4,4′-diaminodiphenylsulfone (DDS) hardener, and 20 wt%
poly(bisphenol a-co-epichlorohydrin) (PBAE) thermoplastic by the solvent-based prepreg-
ging illustrated in [10]. This prepreg fabric contained 48 vol% of carbon fibers and 3.7 vol%
of microcapsules using the sizing agent of 4 wt% of microcapsules in butanone (MEK) and
the prepreg of 80 pph MEK. Nile red dye was added to the EPA core with 0.02 wt% and
DFSB-K43 dye was added to the prepreg resin with 0.02 wt% to aid in fluorescent imaging.
Prepreg without PBAE and microcapsules (epoxy prepreg) and that without microcapsules
(toughened-epoxy prepreg) were fabricated using the same process and equipment.
Cross-ply laminated composites were fabricated from the prepreg fabrics with a stacking
sequence of [0/903/0]. A stack of prepreg fabrics was hot-pressed at 120
◦C under 0.3 MPa for
2 hours followed by 180 ◦C under 0.3 MPa for 1 hour with 2 ◦C/min. Self-healing composites
(Vf = 0.62, Vc = 0.037) and epoxy composites and toughened-epoxy composites (both Vf
= 0.67) were prepared. The epoxy composites and toughened-epoxy composites were tested
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under the identical conditions to the self-healing composites.
5.2.2 Experimental
Mechanical Testing
Composite specimens were cut to the size of 120 mm (l) × 7 mm (w) and their cross-
sections were polished using a 1200 grit polishing paper following a standard ASTM D3039.
Glass/epoxy tabs were attached to the specimens leaving the gauge length of 55 mm (Figure
5.1a). A servo-hydraulic test machine (8500, Instron) equipped with hydraulic wedge grips
(647, MTS) was used for mechanical testing. The wedge grips maintained a gripping pressure
to a specimen at 2.0 MPa throughout the tests.
A quasi-static tensile loading was applied to the specimen to examine the ultimate tensile
strength (UTS). The crosshead of the testing frame pulled a specimen with a rate of 0.6
mm/min until the specimen fails and a 50 mm gauge extensometer (632, MTS) recorded the
strain (ε) throughout the tensile test.
A tension-tension cyclic loading was applied to a specimen at 10 Hz with a load ratio
R = 10, where R = σmax / σmin and σmax = 550 MPa (for epoxy and toughened-epoxy
composites) and 500 MPa (for self-healing composites). Displacements of the crosshead (δ)
were recorded at σmax and σmin for every 16 cycles (∆N = 16). Two types of test cases were
performed to investigate the effect of a resting period on fatigue life. Continuous specimens
were tested without a resting period and intermittent specimens were tested with a resting
period of 5 days at room temperature (Figure 5.1b).
Fatigue life of composite specimens was plotted into a two-parameter cumulative Weibull
distribution curve using a least square method (eq. 5.1). The value of 95 percentile in the
curve was used to represent a fatigue life of continuous specimens (Nf ) and intermittent
specimens (N̄ f ). Extension of fatigue life (χ) was obtained by N̄ f/Nf .
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Figure 5.1: Specimen preparation and test protocols. (a) Schematic of cross-ply [0 903 0]
laminated composite with glass/epoxy tabs attached. (b) Continuous specimens were tested
until the failure and intermittent specimens were halted after 100 cycles and 5 days of a
resting period was given before the subsequent loading.






Healing agent-containing microcapsules and matrix within a composite were visualized using
a confocal fluorescent microscope (SP8, Leica). Under the excitation at 488 nm, the fluo-
rescent spectrum from 500 to 530 nm was collected as matrix and from 650 to 688 nm were
collected as healing agents. Cross-section of the composite was imaged 5 µm below the sur-
face in the perpendicular direction of carbon fibers because the fibers are opaque. A digital
microscope (VHX-5000, Keyence) visualized transverse cracks in the 90◦ plies of self-healing
composite after the healing period. These transverse cracks were also investigated using the
confocal fluorescent microscope.
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5.3 Results and Discussion
5.3.1 Test Specimens
Microcapsules of ca. 3.0 µm in diameter were spherical in shape and contained the healing
agent over 80 wt% (Figure 5.2). These microcapsules were robust enough to withstand
the conditions of a prepregging and hot-pressing [10]. Cross-ply composite from the self-
healing prepreg show highly compacted carbon fibers and the microcapsules residing at
the interstitial spaces (Figure 5.3). The microcapsules within the composite retain the
spherical shape containing the healing agent and 0◦ and 90◦ plies were identified from the
cross-section. In addition, the co-continuous structure of PBAE and epoxy is revealed from
confocal fluorescent imaging as Figure 5.4).
Figure 5.2: Characteristics of EPA-containing microcapsules [10]. (a) SEM image of the
as-prepared microcapsules and (b) TGA result of microcapsules with and without a PDA
layer.
5.3.2 Typical Fatigue Test Results
Measurement of secant modulus Es reveal the progressive damage in cross-ply laminated
composites during fatigue tests (Figure 5.5). At the beginning of fatigue loading, a composite
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Figure 5.3: Cross-sectional image of self-healing laminated composites (Vf = 62.7 vol%,
Vc = 3.7 vol%). (a) Digital microscope image shows 0
◦ and 90◦ plies without voids. (b)
Confocal fluorescent image taken 5 µm below the surface reveals the microcapsules at the
fiber interstitial spaces.
specimen showed the reduction in the modulus, indicating the transverse cracking in the
specimen. The reduction rate in secant modulus was < 5 % at the crack saturation because
0 plies carry the most of the load in a specimen. Transverse modulus E′T of unidirectional
laminates was 5.8 GPa in [10], and it allows to calculate E′L as 120 GPa by a rule of mixture.
Owing to this significant difference in stiffness between 0◦ plies and 90◦ plies, a cross-ply [0
903 0] laminated composite is expected to experience ∼ 6 % drop in EL at failure by a ply
discount method [72].
Optical micrograph of the cross-sectional surface show cracks in the transverse plies of
a specimen (Figure 5.6). These transverse cracks accumulated with the increasing fatigue
cycles N and led the abrupt modulus reduction, indicating the delamination and fiber break-
age. Test specimen failed in a catastrophic fashion with further fatigue loads, and the fatigue
life Nf was obtained.
5.3.3 Effect of PBAE and Microcapsule Incorporation
Ultimate tensile strength (UTS) of composite specimens are summarized in Figure 5.7. Self-
healing composites obtained < 4 % lower UTS than epoxy or toughened-epoxy composites
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Figure 5.4: Confocal fluorescent image of a self-healing laminated composite. Intact micro-
capsules and co-continous structure of PBAE/epoxy are revealed from the cross-section.
due to a high loading of microcapsules. Capsule concentration in self-healing composite was
>10 wt% with respect to a matrix which is a significantly higher than previously tested
value [32]. On the other hand, epoxy composites and toughened-epoxy composites showed
a similar value in average UTS. However, investigation of each experimental data revealed
that toughened-epoxy composites possess a wider spectrum of the strength compare to epoxy
composites. This wide deviation of strength in toughened-epoxy composites lead to a large
deviation of fatigue life because the fatigue life is more sensitive to the strength of individual
specimens.
All epoxy composites failed before reaching 4,000 cycles, while toughened-epoxy compos-
ites showed two distinct failure modes which fail before 4,000 cycles and survived over 15,000
cycles. Fatigue life of epoxy composites and the failed specimens of toughened-epoxy com-
posites are plotted into two-parameter Weibull distribution curve (Figure 5.8). The curve
for epoxy composites and toughened-epoxy composites showed a similar trend, indicating
those failed specimens in toughened-epoxy composites are due to epoxy-dominated failure
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Figure 5.5: Secant modulus of self-healing composite specimen as a function of fatigue cycles.
while those survived specimens are inclined to follow thermoplastic-dominated failure.
Intermittent test specimens of toughened-epoxy composite showed that new polymer
layer was created within the crack separation due to the manual inject of a healing agent
after 100 cycles (Figure 5.9). Confocal imaging of the crack separation reveals that the
material within the crack is a mixture of healing agent and thermoplastic, indicating the
bonding of crack faces.
5.3.4 Fatigue Response in Self-Healing Composites
Figure 5.10 shows fatigue life of self-healing composites with and without a resting period.
Continous case denotes specimen which fatigue loading was applied up to the failure, while
intermittent case denotes that the resting period of 5 days was given after 100 cycles. From
fatigue testing, all specimens of the continuous case failed before reaching 1,000 cycles while
that of intermittent case survived up to the 4,000 cycles. Weibull distribution curve of the
intermittent case was stretched toward a higher value of fatigue life compare to continuous
case, indicating the extension of fatigue life. Fatigue life at 95 percentile from the distribu-
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Figure 5.6: Optical micrograph of a cross-sectional surface of self-healing composite after
N =100.
tion curve was 963 cycles for continuous specimens and 3,901 cycles, leading to fatigue life
extension χ > 4.1 Confocal imaging of a specimen also reveals that the microcapsules along
the crack are ruptured and release the healing agent (Figure 5.11).
5.4 Summary
Fatigue life extension of the aerospace-grade fiber-reinforced composite was demonstrated
from self-healing prepreg. The self-healing composite possess Vf > 62 vol% and Tg > 170
◦C
with uniformly distributed EPA-containing microcapsules of 3.7 vol%. Cross-ply specimens
were fabricated from the composite and subjected to a tension-tension cyclic loading to
create transverse cracks at 90◦ plies. This transverse cracks triggered the healing agent from
the microcapsules leading to form a thermoplastic layer within the crack upon the eventual
solvent evaporation. Fatigue life extension χ > 4.0 was resulted. This stark extension of χ
supports that the higher reliability can be achieved in fiber-reinforced composites necessary
for aerospace-grade applications.
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Figure 5.7: Ultimate tensile strength of composite specimens.
Figure 5.8: Cumulative Weibull distribution curve for epoxy composites and the failed
toughened-epoxy composites.
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Figure 5.9: Optical and confocal fluorescent micrograph of the cross-sectional surface of
toughened-epoxy composites. Composite specimens went to an intermittent test case, in-
cluding a manual injection of healing agent at N=100 and a resting period of 5 days.
Figure 5.10: Cumulative Weibull distribution curves for self-healing composites. Test data
are achieved from continuous test or intermittent tests.
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The introduction of microvasculars within fiber-reinforced polymer (FRP) composites en-
ables multi-functional applications in addition to engineering structures. Yet the fabrication
of three-dimensional (3D) microvascular networks within FRP composites by existing rapid,
large-scale composite manufacturing process is still a major challenge. Here, we fabricated
unidirectional carbon fiber/epoxy prepregs containing thermoplastic sacrificial fibers (350-
400 µm), and used them to manufacture a high-performance laminated FRP composite
with 3D, interconnected microvascular networks. These 3D networks provide redundant
microvasculars improving the flow distribution and allowing to overcome the failure of a
microvascular. Because this fabrication approach employed conventional composite manu-
facturing processes, it is directly applicable to current composite industries. We foresee that
FRP composites with 3D microvascular networks will become a versatile platform for a wide
variety of multi-functional applications.
6.1 Introduction
Biological systems benefit from pervasive three-dimensional (3D) vascular networks to cir-
culate blood necessary to transport nutrients and maintain homeostasis. These 3D vascular
networks consist of inter-connected multi-scale channels which facilitate the blood to cir-
culate the entire system by providing redundant networks. Synthetic materials have found
microfluidic applications by embedding 2D microvascular arrays, such as heat exchanger [42–
44], self-healing [38–41], and cell culture [45, 46]. These planar microfluidic devices evolved
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into 3D systems containing 3D microvascular networks to increase performance while mini-
mizing the planar footprint of the microvasculars. To create the 3D microvascular network,
sacrificial molding has been used which casts a 3D lattice into a polymer matrix [7, 47, 48].
This fiber lattice is then removed to produce high-fidelity, inverse replicas within a bulk
polymer matrix.
The introduction of microvasculars within fiber-reinforced polymer (FRP) composites
have been explored over the past decade corresponding to their fast-growing market due
to their high strength-to-weight ratios [14, 52, 53, 134]. Creating microvasculars within
FRP composites is unlike casting them into bulk polymer matrices due to the presence
of fiber-reinforcements. The embedded microvasculars must maintain the architecture of
reinforcing fibers undisturbed and the fabrication process must be compatible to existing
composite manufacturing process [49]. To date, placing sacrificial rigid fibers into fiber
preforms prior to resin infusion has been a typical fabrication approach which a monofilament
[50], solder wire [51], and thermoplastic fiber [8] are widely used. However, the outcome
of these approaches are limited to segregated microvasculars and the creation of the 3D
network, consisting of interconnected microvasculars, is yet elusive due to the rapid, large-
scale composite manufacturing process.
A new type of prepregs containing a 2D sacrificial array has potential to develop a 3D, in-
terconnected microvascular network within a FRP laminate. Prepregs are planar reinforcing
fiber fabrics pre-impregnated with an uncured resin and high-performance, aerospace-grade
FRP composites are mostly produced from the prepreg fabrics [135]. The layers of prepreg
fabrics are stacked onto a mold and form a consolidated laminate to the shape of the tool
when a heat and pressure are applied. This consolidating process fuses segregated prepreg
layers, simultaneously forcing out excess resin and reducing defects due to resin flow [136].
Until curing into a complete solid, the fiber beds within a prepreg stack are highly packed
and create junctions to which a compacting pressure is localized [137]. Hence, when several
criteria are met, 2D sacrificial arrays of each prepreg fabric can develop an interconnected
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structure and produce a 3D microvascular network within a high-performance FRP com-
posite. First, the 2D sacrificial array must be seamlessly integrated into a prepreg without
disturbing the architecture of its reinforcing fibers. Second, for the creation of junction and
fused intersection, the sacrificial material must remain rigid during the compaction but then
be soften at the junction before curing. Finally, the removal of sacrificial material must be
effortless for the complex sacrificial structure.
Here, we report an easy approach of creating a 3D microvascular network within FRP
composites. An unidirectional carbon fiber prepreg fabric was fabricated by simultaneously
winding reinforcing fibers and thermoplastic sacrificial fibers and used to produce a 3D mi-
crovascular network within FRP laminated composites. Owing to their interconnected archi-
tecture, the vascularized FRP composite gained redundant networks giving rise to overcome
the critical limitations from segregated microvasculars.
6.2 Experimental Methods
6.2.1 Materials
Diglycidyl ether of bisphenol-F (DGEBF) epoxy resin EPON 862 and aromatic amine
EPIKURE W were purchased from Miller Stephenson (Saint-Louis, MO) and a fluorescent
dye DFSB-K40 was purchased from Risk Reactor (Santa Ana, CA). Carbon fiber tow AS4G-
3k and AS4C-3k were purchased from Hexcel (Kent, WA) which consist of 3,000 filaments
with 6.9 µm in diameter. Sacrificial fibers were purchased from CU aerospace (Champaign,




Lab-scale prepreg machine was built to fabricate a unidirectional prepreg as shown in Figure
6.1. The prepreg machine is equipped with stationary benches for carbon-fiber bobbins,
a cylindrical hot-stage for sacrificial fibers, a resin-impregnator, a fiber collector, and a
take-up drum. Carbon fiber tows were traveled from bobbins to the resin-impregnator via
sliding guides with minimal turns (< 4 times) to avoid any damage to their filaments. Resin
impregnator consists of an impregnate drum and a resin bath which is placed on a hot-plate
to heat the resin. Cylindrical hot-stage consists of a steel cylinder of 200 mm (l) × 15 mm
(φ) wrapped with a heating strap, and located above a sacrificial fiber bobbin to feed the
sacrificial fiber through the inside of the cylinder. Fiber collector is made of a steel comb
followed by a steel ring of 40 mm in radius to gather evenly distributed fibers before wind
up to a take-up drum. A sacrificial fiber, 2 tows of AS4C-3k, and 4 tows of AS4G-3k were
traveled separately through a fiber collector until reaches its steel ring using the comb and
glass rods. Take-up drum is sized 500 mm (w) × 780 mm (φ) and could independently
rotate and translate with the speed of 1 - 14 rpm and 6 84 mm/min respectively using two
servo motors 3863 from Bodine Electric (Decatur, IL) and a linear screw BNT 2806 from
THK (Schaumburg, IL).
Fabrication Process
4 bobbins of AS4G-3k and 2 bobbins of AS4C-3k were installed respectively at the stationary
benches and a sacrificial fiber bobbin was installed below the cylindrical hot-stage. EPON
862 and EPIKURE W were mixed with the weight ratio of 100 : 24.6 and 0.2 wt% of DFSB-
K40 dye was added. The mixture of resin was degassed for 20 min at 100 ◦C under vacuum
and poured into a resin bath which remained heated at 100 ◦C. Cylindrical hot-stage was
heated at 120 ◦C as the sacrificial fiber was fed from the bobbin and travels through the inside
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Figure 6.1: Schematic of lab-scale prepreg machine and a resin-impregnated ribbon of carbon
fibers and a sacrificial fiber.
of cylinder without touching the wall. The heated resin was impregnated to the carbon tows
as they went over the impregnator drum attached to the resin bath. Pre-heated sacrificial
fiber and resin-impregnated tows were gathered as a ribbon at the steel ring of fiber collector
and the ribbon was wind up to the take-up drum. The spacing of the sacrificial fiber was 3.8
mm by controlling the speed of the take-up drum on rotation and translation. The ribbon
was instantly cooled down to room temperature once wind up to the take-up drum, and the
prepreg was stayed at room temperature for 36 hours before stored in the freezer until usage.
The laminated composite was consolidated using the prepreg with a stacking sequence of
[0̄/90/0/90/0̄], where 0̄ denotes a prepreg without sacrificial fibers but fabricated from the
identical prepregging process. Rectangular composites were fabricated using a hot-press or
a convection oven with the parameters shown in Figure 6.2, and cut to the size of 40 mm ×
40 mm. Laminated composites were then gone to the vaporizing procedure of 205 ◦C for 16
hours inside a vacuum oven to remove sacrificial fibers and make a microvascular network.
A model airfoil sizing 50 mm (w) × 200 mm (l) was fabricated using prepreg laminate of
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[0̄/90/0/9̄0] and the dwell condition of 90 ◦C for 4 hours under vacuum.
Figure 6.2: Typical conditions for composite processing.
Material Characterization
Thermal property of sacrificial fiber was measured using DSC (Q20, TA instrument) in the
temperature between 25 ◦C to 150 ◦C with 5 ◦C/min. Thermal and mechanical properties
of sacrificial fiber were measured using DMA (Q800, TA instruments) with 3 point bending
after preparing the sacrificial material into a rectangular specimen via hot-pressing. Elastic
modulus (E′) and loss modulus (E′′) were measured in the temperature between 25 ◦C to 150
◦C with 5 ◦C/min as 0.1 % strain of 1 Hz was applied to the rectangular specimen of 8 mm
(w) × 3 mm (t) with the span length of 40 mm. The radius of curvature of the sacrificial fiber
was measured using a photo scanner (3590, Epson) and image processing software Image J
after the sacrificial fibers were pulled out from a prepreg. Optical images and fluorescent
images were achieved using a fluorescent microscope (Observer Z1, Zeiss), and the geometry
of microvasculars (φ1/φ2), the volume fraction of void (Vv) as well as microvasculars (Vvasc),
and the compaction of laminate after composite processing (λ) were measured using the
optical images. Fiber volume fraction of prepreg and laminated composite were measured
using the known fiber areal weight of prepreg followed by ASTM D3171. The architecture of
microvascular network within a laminated composite was visualized using CT (MicroXCT-
400, Xradia) after filling the microvasculars with an iodine solution for enhancing contrast,
and the set of images were used to construct a three-dimensional structure using an image
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software Amira 6.0. Jointed area of intersected microvasculars (Afuse) was measured using
the CT images by calculating the area of the imaginary part of microvascular which was
welded to neighboring microvascular.
Temperature Control of Composite using Networks
Fluid flow through rectangular specimens was examined by pumping 60 ◦C DI water through
a single channel inlet. The specimens rested on a balsa wood platform during testing and were
otherwise open to ambient air. Water was heated on a hot plate and circulated at 8 mL/min
using a peristaltic pump (Cole-Parmer Masteflex, Model EW-07551099) with silicone tubing
and Luer needle fittings (Nordson EFD) placed in the channels. The fluid inlet temperature
was measured using a thermocouple probe (Omega part TMQSS-020U-36) inserted into the
tubing immediately before the needle fitting. The probe readings were processed with a
thermocouple reader (Phidgets Inc., model 1048) and LabVIEW. An infrared (IR) camera
(FLIR SC620) was used to measure surface temperature profiles during testing. Steady-state





where Tavg denotes the average temperature of composite at steady-state, Tin denotes the
average temperature of injected fluid, and RT denotes room temperature (22 ◦C). In addition
to measuring steady-state temperature, the average rate of heating was measured for the first
50 s. Redundant microvascular networks were analyzed by intentionally blocking a primary
outlet and visualizing the adapted fluid flow. In addition to testing rectangular specimens,
the model airfoil was examined by injecting 50 ◦C water into a single inlet at 8 mL/min.
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6.3 Results and Discussion
6.3.1 Prepreg Characterization
Figure 6.3 shows the glass transition temperature Tg of sacrificial material is 53
◦C, and its
elastic modulus is significantly decreased with increasing temperatures. Dwell temperature
of 50 ◦C, 70 ◦C, and 90 ◦C were chosen to vary the stiffness of sacrificial fibers, and dwell
times were designed with respect to the dwell temperatures to control the cure degree of
matrix before exposed to 150 ◦C as shown in Table 6.1.
Figure 6.3: Elastic and loss modulus of the sacrificial material with increasing temperature
and corresponding heat flow achieved from DMA and DSC respectively. Sacrificial material
becomes soft around 53 ◦C (Tg) and starts to abruptly lose mechanical integrity around 130
◦C.
The residual curvature of sacrificial fiber was released when it was pre-heated through
cylindrical hot-stage and being impregnated by the resin of carbon fibers at 85 ◦C as shown
in Figure 6.4. Resin could not directly impregnate to the sacrificial fibers at the resin-
impregnator because the pot life of resin within a resin bath was dramatically reduced after
contamination. In addition, the temperature of resin-impregnated tow needed to be higher
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Table 6.1: Characteristic of laminated composites with respect to different dwell conditions.
than the glass temperature (Tg) of sacrificial fiber to straighten the fiber. After the generic
curvature of sacrificial fiber was removed, the sacrificial fibers could remain straight for
the following composite processing. Figure 6.5 shows the sacrificial fibers were uniformly
distributed along the width of prepreg (Vf = 0.30) with the fiber spacing of 3.8 mm and
protected by carbon fibers and resin. Sacrificial fibers were located askew from the center
of prepreg and tend to possess more carbon fibers on one side than the other as can be
seen from its fluorescent image. Carbon fibers around the sacrificial fibers needed to be
spread out for fusing the sacrificial fibers of different laminae, and sacrificial fibers remained
relatively circular (φ1/φ2 > 0.9).
6.3.2 Consolidated Laminated Composite
Control of Composite Constituents
Figure 6.6 shows the cross-section of consolidated composites with a microvascular network
when prepreg laminates were cured with different dwell conditions. Dwell process affects
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Figure 6.4: Residual curvature of sacrificial fiber when fabricated with different fabrication
parameters.
the compaction (λ), fiber volume fraction (Vf ), void volume fraction (Vv), geometry of
microvasculars (φ1/φ2), and area of intersection (Afuse) of laminated composites, and the
results are summarized in Table 6.1. Compaction (λ) of laminate significantly affected the
fiber volume fraction (Vf ) and the geometry of microvasculars (φ1/φ2). Void fraction (Vv)
was generally reduced as the temperature and pressure of dwell process increases except when
the matrix was insufficiently cured from dwell condition and moved to high-temperature
cure process. The increase in voids with insufficient cure matrix is suspected to be from
the entrapped gas which is from degraded sacrificial fibers (Figure 6.6a). The geometry of
microvasculars (φ1/φ2) was increased up to 1.5 with respect to the dwell condition because
the sacrificial fibers were pressed from top to bottom. From the results, laminated composite
with low voids (Vv) and high fiber volume fraction (Vf ) could be achieved when the dwell
condition causes sufficient resin flow and consolidates the resin enough to inhibit gas from
being entrapped.
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Figure 6.5: Cross-section of prepreg shows embedded sacrificial fibers. (a) Sacrificial fibers
are distinguished as white color and uniformly spaced at 3.8 mm. (b) Fluorescent micrograph
of the identical section show the distribution of resin and carbon fibers (Vf = 0.30).
Architecture of Microvascular Network
To compact a prepreg laminate enough to cause the sacrificial fibers from different lamina
to contact was necessary for constructing a microvascular network as can be seen from Table
6.1. When the sacrificial fibers were in contact, the area of intersection (Afuse) was controlled
by the temperature and pressure of dwell condition. The consistent interconnection between
microvasculars was achieved when the dwell temperature was sufficient (> 90 ◦C) to soften
the sacrificial fibers for fusing at the joints. Figure 6.7 shows the architecture of three-
dimensional microvascular network within a rectangular composite which was fabricated with
the dwell condition of 90 ◦C for 4 hours under vacuum. The architecture was reconstructed
from a set of CT images and the consistent intersections between microvasculars are clearly
visible.
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Figure 6.6: Optical cross-sectional image of microvascular laminated composites.
Figure 6.7: Structure of a microvascular network within a rectangular laminated composite.
The area of a fused point (in rectangular) is 34 % of the cross-sectional area of a microvas-
cular.
6.3.3 Temperature Control using Microvascular Network
Steady-state surface temperatures of a laminated composite show the flow of a injected fluid
(Figure 6.8). A segregated microvascular led the injected fluid to travel through a straight
line, while a microvascular network caused the flow to spread out in the entire composite
(Figure 6.8a). Owing to this inter-connection, heating efficiency (ξ) was increased from 49.8
% to 57.0 % by the microvascular network, and the rate of heating was increased from 0.06
◦C/sec to 0.09 ◦C/sec. Redundant microvasculars from the three-dimensional network was
identified when one primary outlet was blocked and it showed superior heating efficiency (ξ
= 85.3%) and rate of heating (0.14 ◦C/sec) as shown in Figure 6.8b. Superior heating with
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the blocked network is supposed to be from activating a lot of microvasculars as the fluid
tried to find alternative pathways.
Figure 6.8: Thermal profile of the rectangular composite when 60 ◦C water was injected
from a single inlet. (a) Steady state temperature of composites fabricated with different
processing parameters. (b) Average temperature of the composites as a function of time.
Figure 6.9 shows the temperature profile of a model airfoil when the water at 50 ◦C
was injected using one inlet and delivery of the fluid at the leading edge could be identified
from its temperature. Sacrificial fibers from 0◦ ply and 90◦ ply were well fused at the sharp
contour of the leading edge (radius of curvature < 15 mm) and resulted in a microvascular
network. Heating efficiency (ξ) of the model airfoil at the leading edge was over 56 % with a
single inlet and higher value is expected when multiple inlets were used which can efficiently
deice the leading edge and top of the airfoil.
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Figure 6.9: CAD of a model airfoil and its thermal profile when 50 ◦C water was injected
from a single inlet.
6.4 Summary
Carbon-fiber prepreg with embedded sacrificial fibers was fabricated. A laminated composite
was fabricated using the prepreg and the sacrificial fibers from different lamina were fused
at certain composite processing conditions. Using the network of fused sacrificial fibers,
three-dimensional microvascular network was constructed within a laminated composite.
The intersection (Afuse) showed relatively high deviation when the dwell condition was
insufficient to fuse the sacrificial fibers. Consistency will be enhanced when a prepreg is
fabricated with a less fiber areal weight and resin content. This microvascular network
showed enhanced heating efficiency (ξ) and rate of heating which can be used to efficiently
control the temperature composites. The use of prepreg with sacrificial fiber is expected to
facilitate the fabrication of fiber-reinforced composite with complex microvascular networks.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
High-performance self-healing fiber-reinforced polymeric (FRP) composites were developed
(Table 7.1). Unidirectional (UD) prepreg fabrics were manufactured by custom-built prepreg-
gers and used to fabricate FRP composites that contain microcapsules or microvasculars.
Microcapsule-based self-healing FRP composites demonstrated healing of fatigue-induced
damage and microvascular FRP composites obtained 3D microvascular networks.
Table 7.1: Summary of capsule-based self-healing FRP composites.
In Chapters 2 and 3, UD glass/epoxy prepreg fabric with a microencapsulated heal-
ing agent was fabricated using a custom-built lab-scale prepregger. In order to distribute
microcapsules uniformly, glass yarns were sized with an aqueous sizing agent containing mi-
crocapsules before resin impregnation. This sizing process created prepreg fabrics containing
microcapsules at the fiber interstitial spaces. The prepreg fabrics were used to fabricate a
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laminated composite with Vf > 55 vol% and a uniform distribution of microcapsules. A
confocal fluorescent imaging was adopted to evaluate both the distribution and survival of
microcapsules within the laminated composites. The effects of embedded microcapsules on
thermo-mechanical properties were also determined. Next, a cross-ply laminated compos-
ite was created from the prepreg fabrics and successfully demonstrated healing of fatigue-
induced damage. Methods to assess healing of microcracks within a FRP composite were
required and developed. Young’s modulus values of self-healing FRP composites was recov-
ered up to 52 %.
Chapters 4 and 5 focused on self-healing of high-performance FRP composites consisting
of carbon fibers and thermoplastic-toughened epoxy. A custom built bench-top prepregger
was used to fabricate UD prepreg fabrics in which microcapsules reside. These microcap-
sules contained a healing agent and carbon tows were sized with the microcapsules by self-
inking sizing process. The thermoplastic-toughened epoxy resin was impregnated to the
microcapsule-sized tows at room temperature using a solvent. Self-healing laminated com-
posites with Vf > 60 vol% and Tg > 150
◦C were fabricated from the prepreg fabrics, and
obtained the uniform distribution of microcapsules and thermoplastics. The success of man-
ufacturing high-performance self-healing FRP composites motivated the exploration of their
healing and fatigue life. Cross-ply laminated composites were fabricated from the prepreg
fabrics and in situ healing was measured. Residual strength of fatigued specimens was re-
covered when a resting period (at 30 ◦C for 5 days) was given. In addition, the fatigue life
of these specimens was extended over 400 %.
Chapter 6 investigated the creation of 3D microvascular networks within FRP composites.
Inter-connected, 3D microvascular networks were fabricated by incorporating sacrificial fibers
into UD carbon fiber prepreg fabrics. These prepreg fabrics were laminated and hot-pressed
to manufacture a laminated composite and their sacrificial fibers created 3D lattices due
to fused intersections. The evaluation of fused intersection using CT imaging and pressure
drop tests demonstrated up to 34 % of microvascular channel area was fused. Application
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of 3D microvascular networks to control the temperature of a FRP composite showed 50 %
increase of heating efficiency and a higher steady-state temperature compare to segregated
microvascular channels. Furthermore, microvascular FRP composites obtained redundant
networks which can overcome any failure of microvascular channels.
7.2 Future Work
7.2.1 Resin Infusion into Capsule-sized Fabrics
The present prepregging process distributed microcapsules (ca. < 3µm) at the fiber intersti-
tial spaces without the presence of resin. Microcapsules in dry fabrics showed to reduce the
compaction of the fabrics, because the capsules create gaps between fiber filaments. These
gaps would promote a resin to flow, which facilitates resin impregnation. Previous research
demonstrated that adding microcapsules at the interlayer of fabric aids in resin infusion
process due to the increased porosity [68].
Currently, composite manufacturing processes find a way for fabricating a quality FRP
composite at low cost. Using out-of-autoclave (OOA) prepregs showed promising results for
this objective but it is still a challenging issue to minimize voids [138, 139]. Distributing
microparticles into fabrics could be one approach to reduce the void level of the composites
from OOA prepregs. Using microscale particles, FRP composites could benefit from the
increased porosity while maintaining the compaction level.
7.2.2 Healing of Impact Damage in Capsule-based Composites
The impact is another damage for structural materials to suffer. In FRP composites, impact
damage forms from insignificant microcracks to large-scale delaminations, which are more
complex than that from an uniaxial tensile loading. Microcapsule-based self-healing FRP
composites have been developed to repair impact damages but they are not sufficient for
89
structural applications due to a low fiber volume fraction (< 40 vol%) [5, 58, 76]. Moreover,
microcapsules were agglomerated in the inter-tow regions and microcracks inside a tow could
not benefit from healing agents. Therefore, enhanced healing is expected when healing agents
are uniformly distributed.
However, low impact damage will be appropriate for the present self-healing FRP com-
posites because the size of microcapsules are relatively small [78]. Although microcapsules
increase the fracture toughness and plastic deformation, the crack separation of delamination
would be much larger than the embedded microcapsules. It is worthwhile to examine the
impact limit that embedded microcapsules can heal. In addition, self-healing FRP compos-
ites could be fabricated using two types of microcapsules with different sizes; small capsules
to heal microcracks and large capsules to heal large inter-tow cracks.
7.2.3 Application to Multi-functional Composites
Instead of healing agent-containing microcapsules, prepreg fabrics can have a variety of
functional fillers to create the novel functionalities. There are a lot of multi-functional FRP
composites developed by adding functional materials such as carbon nanotubes (CNT) [6,
140], nanoclays [141], or piezoelectric ceramics [142]. However, due to the presence of fiber-
reinforcements, interlayer filled with the functional fillers were created within composites
and they decreased the local fiber volume fraction.
With the present fabrication approaches, these multi-functional FRP composites can ob-
tain a uniform filler distribution and high fiber volume fraction. There are two fabrication
approaches in this paper; sonication-aided sizing and self-inking sizing. Sonication-aided
sizing will be useful for fillers which are lighter than a sizing solution, such as polymer cap-
sules or CNTs. On the other hand, heavier fillers like ceramic particles can be distributed
using the self-inking sizing approach because it constantly delivers homogeneous sizing solu-
tion. These fabrication approaches will guide the efficient manufacturing of multi-functional
composites.
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7.2.4 Mechanical Properties of 3D Microvascular Composites
The effect of 3D microvascular networks on the mechanical behavior of FRP composites
has never been studied due to the difficulties of fabrication. A 3D microvascular network
contains fused intersections unlike segregated vascular channels and further study is needed
to examine the effect of these intersections. Although the failure limit of FRP compos-
ites is mostly dominated by reinforcing fibers, it will be necessary to examine fundamental
mechanical properties of these FRP composite containing 3D microvascular networks.
7.2.5 Fluid Flow in 3D Microvascular Networks
3D microvascular networks only need a single inlet to deliver the injected fluid to the entire
structure. However, a fluid would flow through the path of lowest resistivity unless the flow
path is designed properly. Although fluid distribution in 2D microvascular channels is well
researched, the 3D microvascular network is different from the 2D studies because fused
intersections are much smaller (ca. < 35 %) than the cross-section of the microvascular
channel. This difference in channel diameter is expected to increase Re number that can
inhibit the fluid flow [43]. Therefore, further studies should be focused on the geometry of
microvascular networks to facilitate the fluid flow and distribution.
In addition, mixing of multiple injected fluids in the 3D microvascular network is an
interesting topic to examine. For example, previous researchers showed a 3D microvascular
network improved the mixing of two injected fluid [7]. If two part healing agents were
injected, enhance healing of FRP composites is expected due to the improved mixing [41].
7.2.6 Application for Microvascular Network Composite
One of the key advantages of microvascular composites is that any fluids can be injected
to create multi-functional composites. In the present research, only the temperature of
FRP composites was examined but potential applications are unlimited such as self-healing
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or mechanical damping. Self-healing FRP composites were developed using segregated mi-
crovascular channels and each channel required an inlet [53]. It will be worthwhile to examine
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Manufacturing machines enable scalable, automated material processing and lead to consis-
tent properties of the product. Developing a manufacturing machine can be divided into
two large categories; (1) Adjust material processing technique suitable for automation and
(2) Design and build a machine which can perform each process in a continuous fashion.
Unless these categories are fulfilled, a manufacturing machine yields inconsistent properties
and low production rate.
In this thesis, a laboratory scale prepreg machine was developed to automate material
processing of fiber sizing, drying, resin impregnation, and winding of fibers. Each material
processing technique was developed simple enough to be performed by an automated machine
and seamlessly connected to enable a continuous process. This machine will guide a variety
of research fields to develop scalable manufacturing processes which can directly impact
existing industries.
A.1 Part Design and Assembly
A.1.1 Computer-aided design
Computer-aided design (CAD) facilitated outlining individual parts and assembly of the
machine. Determining the maximum allowable dimension of the space helped to configure
the overall design of the machine, and the detailed components were developed accordingly.
Using a CAD model of the machine, necessary parts were purchased commercially and some
105
items were internally manufactured.
Laboratory-scale prepregger was designed in a real scale with detailed features as shown
in Figure A.1. This CAD aided to create a bill of materials which was used to purchase
parts and assemblies. Rotational parts and translational parts were designed in detail to
identify any interruption or failure of movement. Any parts which could not be purchased
commercially were manufactured in house.
Figure A.1: CAD model of the laboratory-scale prepregger.
Figure A.2: Rotational parts consisting of a take-up drum, a couple ring, and a motor.
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Figure A.3: Translational parts consisting of a linear screw, a speed reducer, and a motor.
A.1.2 Part selection and assembly
Each part of the machine was designed to sustain a number of production cycles and a
long service life. In addition, the parts feature flexibility of design which can be tailored
according to different materials or fibers. Stationary parts are constructed using aluminum
frames from 80/20 (Columbia City, IN) because the frames are easy to assemble and disas-
semble. Rotational components consist of a take-up drum and a servo motor (Figure A.2).
Translational components are the most complex and expensive part of the machine (Figure
A.3). The translation of the drum was carried out by a linear ball screw (BNT2806, THK)
attached to a servo motor and the entire assembly of drum and a motor was translated on
the linear slide (HSR25A, THK).
The pot life of a room temperature-cure resin (ca. < 40 min) was the maximum allowed
fabrication time and the target width of the prepreg was 250 mm. Therefore, the translation
speed needed to be around 6.25 mm/min. Once the translation speed was set, the rotational
speed of the drum was obtained because the width of the ribbon is a constant value (ca. 2
mm for eight yarns). For example, to closely pack each ribbon when translation speed was
6.25 mm/min, the rotational speed of the drum (ca. 0.78 m) requires being lower than 3.2
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rpm. Therefore, a servomotor of 1-14 rpm was selected and a speed reducer (Part # 50983,
Boston gear) was used for translation to further reduce the speed. The power of the motor
was 1/16 HP which is sufficient to rotate the drum and a ball screw.
The parts were assembled as shown in Figure A.4. Once the machine was built, auxiliary
components (e.g. sonication bath, convection heaters) were located corresponding to the
CAD model.
Figure A.4: Entire view of the laboratory-scale prepregger.
A.2 Control of Manufacturing Process
A.2.1 Fiber feeding
Glass fiber bobbins were housed within a stationary bench and fed fiber yarns through
punched holes of the PVC cover of the bench. The holes enabled the yarns to consistently
spool out from the bobbin without using auxiliary parts. Eight fiber yarns were simulta-
neously processed and a porous sheet was used to maintain the fiber yarns separated until
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reaching a guide roller. Fiber tension was controlled to be as low as possible to wet out the
fiber yarns with a sizing agent. The fiber tension was gradually built up through the process
and reached near 2 N during the winding process.
A.2.2 Sonication-aided sizing
Eight fiber yarns were dipped into a sizing agent contained in a sizing bath as shown in
Figure A.5. The sizing bath was also externally sonicated to allow for uniform incorporation
of microcapsules within the fibers. However, since they also risk damaging the microcapsules,
the sonication strength was controlled using the amount of water in the sonication bath.
Therefore, water contained in the sizing bath was controlled to attenuate the sonication
force applied to microcapsules. In addition, at high fiber translation speed, the sizing agent
could not saturate the fiber yarns leading to reduced capsule concentration within the fiber
yarn.
Figure A.5: Fiber yarn sizing process.
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A.2.3 Drying set-up
After the sizing process, fiber yarns were dried by a set of convection heaters leaving only
the microcapsules on the yarns (Figure A.6). The drying process is critical to obtain a
high-quality prepreg and produce void-free laminated composites because the residual water
becomes a void within a composite during the consolidation process. The temperature of
the drying set-up was maintained at 50 ◦C which was identical to encapsulation process to
ensure minimal damage to microcapsules. The drying time was controlled by changing the
drying path since the fiber travel speed is already dictated by the translational speed.
Figure A.6: Fiber travel path during drying process.
A.2.4 Resin impregnation
Resin impregnation was performed using a drum-impregnator attached to a resin bath (Fig-
ure A.7) instead of a dip-type bath. As fiber traveled over the drum, the loss of microcapsules
to the resin bath was negligible. In addition, a drum-impregnator led to consistent fiber vol-
ume fraction in prepreg regardless of the residual amount of resin within a bath. The resin
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bath was maintained at a low temperature by using an ice bath to keep the resin from
reacting.
Figure A.7: Resin impregnator within an ice bath.
A.2.5 Fiber winding
Processed fiber yarns were gathered into a single ribbon using a bow roller and subsequently
winded onto the take-up drum. The bow roller minimized the damage to microcapsules by




Development of Benchtop Prepreg
Machine
Benchtop prepreg machine was developed to facilitate material processing within a conven-
tional fume hood to contain a volatile solvent. Using the machine, a carbon fiber tow was wet
with a sizing agent, impregnated with a solvent-based resin, and wound up to the mandrel.
The concept of the machine is similar to a laboratory scale prepreg machine but a number
of components were revised to fit in the fume hood. For example, the single carbon fiber
tow was pre-sized and the drying system was eliminated because of lack of space. In this
thesis, a new prepreg fabrication technique was introduced to incorporate microcapsules and
impregnate resin to a fiber tow in a compact setting. The new prepreg fabrication technique
features simplicity and scalability which are critical for industrial applications.
B.1 Part Design and Assembly
B.1.1 Computer-aided design
The dimension of the machine was limited to the size of the fume hood and individual
parts were designed accordingly. Since commercial robotic kits from Vex Robotics (West
Greenville, TX) were used to build the machine, CAD of detailed components were obtained
and assembled (Figure B.1). Rotational parts and translational parts were designed in detail
to avoid any interruption and failure of movement.
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Figure B.1: CAD model of the benchtop prepregger.
B.1.2 Part selection and assembly
Angle frames (Part # 275-1144, Vex) were used to build stationary components as they
allow flexibility in design which can be easily disassembled and assembled. Rotational parts
consisted of a mandrel and a servo motor (2-Wire Motor 393, Vex). The translational motion
was carried out by a rack and a pinion gear (Part # 276-4782, Vex) to transform rotational
motion of the motor to a linear motion and linear slides (Part # 276-1926, Vex) were used
(Figure B.2). The parts were assembled and auxiliary components (e.g. self-inking sizing,
impregnator) were located corresponding to the CAD as shown in Figure B.3.
Fabrication speed was constrained by the maximum rotational speed of the mandrel
because the worm gear attached to the drum significantly reduced the rotational speed to
< 6.7 rpm. From the maximum rotational speed and perimeter of the drum (ca. 630 mm),
the drum was translated with a speed of < 6 mm/min to closely pack the fiber tows (ca. 0.9
mm width) side-by-side.
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Figure B.2: CAD model of the translational parts of benchtop prepregger.
B.2 Control of Manufacturing Process
B.2.1 Fiber feeding
A carbon fiber creel was vertically placed under the fiber tensioner and fed a fiber tow to
the machine. Placing the fiber creel in a vertical position allowed to maintain consistent
tension on spooled out tows without the necessity to design an additional spooling set-up.
The fiber tow was then passed through a set of rollers to increase fiber tension enough to
rotate the sizing drum and impregnating drum. An optimum fiber tension was achieved by
controlling the fiber path within the tensioner so that it is sufficiently low to avoid damage
to microcapsules but also sufficiently high to rotate the resin impregnator drum.
B.2.2 Self-inking sizing system
The limited space allowed for the machine lead to removing the drying setup which requires
a long fiber path. Therefore, the sizing process was revised to incorporate a solvent (MEK)
which was also used to dissolve the prepreg resin and subsequently liberate the solvent from
the prepreg. However, a sizing agent (a mixture of MEK and microcapsules) exhibited seg-
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Figure B.3: Entire view of benchtop prepregger.
regation of microcapsules due to a significant difference in the specific weight (0.85 MEK vs.
1.01 microcapsules). Moreover, the concentration of the sizing agent was rapidly increased
over time due to solvent evaporation.
To resolve this issue, self-inking sizing system was developed which can deliver a consis-
tent amount of microcapsules to fiber tow (Figure B.4). Self-inking sizing system features
constant agitation of the sizing agent to hinder the segregation and autonomous feeding of
sizing agent. Additionally, premature evaporation of MEK from the sizing agent was avoided
by containing it in a falcon tube. The sizing agent was delivered to a freely rotating sizing
drum which wet out the fiber tow traveling below the drum. The delivery rate of the sizing
agent was controlled by adjusting the height of the falcon tube due to consistent reduction
in the sizing agent as the fabrication progressed. Filaments of a tow were spread out by the
sizing drum enabling the sizing agent to penetrate without filtration. Once the fiber tow
was wet out by the sizing agent, the excess sizing agent was removed by a freely rotating
nylon roller.
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Figure B.4: Self-inking sizing process of benchtop prepregger.
B.2.3 Resin impregnation and fiber winding
A drum-impregnator was used to impregnate the fiber tow with a resin as the tow goes over
the impregnator (Figure B.5). The fiber tow was under tension to pull the impregnating-
drum during the process. Since the fiber tension achieved the maximum value at the resin
impregnator, the fiber tow was directly wound onto a mandrel after the impregnating-drum
to reduce any shear damage to microcapsules.
A solvent trap was used to maintain the MEK ratio in the prepreg resin throughout the
course of the fabrication. While a doctor-blade meters the thickness of resin coated on the
impregnator, the solvent trap further enabled to maintain fiber volume fraction of prepreg
along the width.
Processed fiber tow was wound onto the mandrel side-by-side to create a two-dimensional
fabric. Unlike a glass yarn of which filaments were firmly bound by microcapsules, filaments
in a carbon fiber tow were easily separated on the mandrel creating a more dense connection
between fiber tows.
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Figure B.5: Resin bath and impregnating-drum contained in a solvent trap.
B.2.4 Degassing process
Degassing MEK from the completed prepreg fabric is crucial to ensure the survival of micro-
capsules and fabricate a void-free laminated composite. Any residual MEK can often lead to
large voids as shown in Figure B.6. However, the temperature and duration of the degassing
process should also be gentle enough to minimize damage to embedded microcapsules.
Figure B.7 shows the evaporation rate of MEK at room temperature and atmospheric
pressure. It shows that there is significant amount of residual MEK in the prepreg even after
a period of 18 h at room condition. The evaporation of MEK is hindered due to high viscosity
of the resin which leads to the formation of a thin layer on the exterior region of the resin
inhibiting the evaporation of solvent. Therefore, it necessitated an increased temperature of
near the melting temperature of PBAE thermoplastic (70 ◦C) and vacuum condition. The
temperature and duration of degassing process were determined after confirming the survival
of microcapsules. For example, when degassing temperature was set at 90 ◦C, microcapsules
were damaged and therefore deflated in a fully-cured composite.
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Figure B.6: Cross-sectional image of a fully-cured composite when prepreg was degassed
without pulling a vacuum and hot-pressed. Void are shown as black pixels.
Figure B.7: Evaporation of MEK from a prepreg resin at room condition.
118
Appendix C
Detection of Acoustic Emission
Stress waves are generated when a crack is generated or propagates. These acoustic emissions
(AE) could be collected during a mechanical test and used to measure damage introduced
to a specimen. Since the acoustic emission is sensitive to the damage event regardless of its
scale, the detection of AE allows to track insignificant damages which cannot be identified
from a typical stress-strain relation.
The level of damage applied to a specimen can be quantified from acoustic energy (Uae)
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According to the Kaiser effect, a damaged specimen can generate AE on subsequent
loading only if the applied stress (strain) exceeds the previous maximum value. Therefore,
AE from a specimen during subsequent loading reveals any chemical/physical change in the
specimen, including healing. Healing efficiency can thus be quantified by comparing the







C.1 AE test set-up
Conventional data acquisition (DAQ) board and an interface software LabVIEW was used to
construct a low-cost conventional AE system (Figure C.1). Acoustic emission sensor (WD,
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Mistras) and amplifier (20/40/60, Mistras) were purchased and connected to the DAQ board
(USB-6251, NI) while the amplifier was powered at 28 V. The working frequency range of the
sensor was 100-800 kHz to collect the acoustic emission from glass fiber composite (ca. 100-
200 kHz) and the maximum sampling rate of DAQ was 1.25 M samples/sec. The amplifier
amplified the output signal from the acoustic sensor to efficiently neglect background noise.
In addition, a bias tee was designed and attached between the amplifier and DAQ board to
set the reference voltage as zero Figure C.2. Setting the reference voltage (without any AE
event) to 0 V enabled a signal amplification of 40 dB which was not damaging to the DAQ
board (max. input 10 V).
Figure C.1: AE test set-up attached to a uniaxial test machine.
AE signal collected by DAQ board was processed by the PC using LabVIEW. Entire
signal from DAQ was recorded and post-processed using Matlab to isolate the AE signal
from cracking. By collecting the entire signal, the loss of data was negligible unlike when
using a triggering mode. When an embedded trigger mode was selected, the rearm time was
around 20-50 ms depending on the sampling rate, causing a significant loss of AE signal.
Post-processing of the original AE signal was performed by setting a threshold of 60 dB and
filtering out the AE signal of 0.35 ms. The set of AE signals above the threshold value was
used to calculate AE energy. Although the continuous recording option took a large storage
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Figure C.2: Bias tee attached to an amplifier.
space in PC, post-process of the data saved the storage space by removing signals without
AE event.
C.2 Experimental Results
Neat and self-healing composites were fabricated (see to Chapter 3) and uniaxial tensile
loading was applied with the AE test setup attached. Stacking sequence of the laminated
composites was [0 90]s to result in a crack separation < 1 µm. This small crack separation
was advantageous for healing performance but didn’t lead to changes in a stress-strain curve
as 0 plies dominate the mechanical properties. However, a significant number of AE signals
were collected. AE signals exhibited an amplitude of 40-70 dB (Figure C.3) and a frequency
around 100 kHz (Figure C.4).
Figure C.5 shows the results of a neat and self-healing composite. Both the neat and
self-healing composites exhibited no change in the tensile modulus regardless of the damage
(virgin loading vs. subsequent loading). Meanwhile, the AE energy reveal 0.32 of ξae for
the neat composite and 0.91 of ξae for the self-healing composite. Recovery of AE energy
in the neat composite implies that several of the crack faces remained in contact which was
sufficient for the residual functionality to recover. However, ξae was still limited due to the
lack of chemical transformation. In contrast, self-healing composites revealed almost full
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Figure C.3: AE signal from a glass/epoxy composite (Gain: 60 dB).
recovery of AE energy because the released healing agent promoted closing of the crack
separation and the chemical reaction at the crack interface.
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Figure C.4: Fast Fourier Transform of a single AE signal





Assessing the state of embedded microcapsules has been a significant challenge because con-
ventional imaging techniques visualize only the surface of a specimen. Confocal fluorescent
imaging enables the visualization of microcapsules without damaging the specimen allowing
to assess the integrity of embedded microcapsules. Fluorescent dyes are added to constituent
materials of a composite visualized by their emission spectra. Under an excitation laser at
a certain wavelength, emission spectra of each focal plane are selectively collected and the
depth profile can be reconstructed to a three-dimensional structure.
Fluorescent dyes can be selected according to the solubility to the constituent material
or the range of emission spectra if it is desired to distinguish each constituent. It is critical
to minimize the light diffraction from a specimen to the aperture of a lens to enhance the
intensity and contrast of an image. The light diffraction can be reduced by polishing a
cross-sectional surface and applying an immersion oil (refraction index. ca. 1.515) to the
aperture.
Owing to the core-shell structure of microcapsules, the integrity of microcapsules can be
assessed from the presence of liquid core. Damaged microcapsules typically lose their core
material and reveal deflated morphology (Figure D.1). From the image, PU shell is also
fluorescent because the Nile red dye is also added to PU during interfacial polymerization.
The depth of focal section should be smaller than the diameter of microcapsules to see the
cross-section of a microcapsule and identify the presence of a liquid core.
Three-dimensional microstructure from a set of confocal images allows one to calculate
the volume fraction of each constituent and examine their status in a composite (Figure D.2).
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The maximum depth profile of a specimen depends on the transparency of the specimen.
Figure D.1: Confocal fluorescent images of microcapsules on a glass fiber filament processed
with a different fiber tension.
Figure D.2: Three dimensional microstructure of capsule-embedded glass/epoxy composite.
Released healing agent within a crack separation is visible
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